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REMARKS 

Any fees that may be due in connection with the filing of this paper or with this 
application may be charged to Deposit Account No. 06-1050. If a Petition for Extension of 
time is needed, this paper is to be considered such Petition. 

Claims 1-3, 6-10, 12-14, 22, 24, 31-34, 47, 50, 54-58, 61-80 and 82-110 are pending 
in this application. In the Preliminary Amendment and RCE filed January 28, 2008 
(hereinafter, "RCE"), the claims were amended, in the interest of advancing prosecution, to 
specify that the therapeutic domain is a sialidase and the anchoring domain is a 
glycosaminoglycan (GAG) binding domain. The RCE is incorporated by reference herein in 
its entirety, and the claims are further amended herein. As amended, the claims specify that 
the compound has a sialidase domain containing a peptide or protein having sialidase 
activity, and an anchoring domain that binds to a glycosaminoglycan (GAG) on the surface of 
the target cell. In addition, new Claims 99-1 10, drawn to polypeptides containing a sialidase 
domain having sialidase activity and an anchoring domain that binds to a glycosaminoglycan 
(GAG) on the surface of a target cell, are added herein. Basis for the amended and added 
claims can be found in the claims as originally filed and in the specification, for example, at 
at page 4, lines 7-10 and 21-30; and at page 20, line 26 to page 21, line 30. No new matter is 
added. 

In the RCE, Applicant also submitted that the withdrawal of Claim 80 as drawn to 
non-elected subject matter is improper. Claim 80, which is dependent on elected Claim 73, 
is a "combination" containing the "subcombination" of Claim 73. In the instant Office 
Action, the Examiner simply notes that Claims 50, 54-58, 80 and 82-93 "remain withdrawn." 
The Examiner provides no reason why the subject matter of Claim 80 is distinct from the 
elected Claim (Claim 73) on which it depends. Applicant respectfully resubmits that the 
withdrawal of Claim 80 from further consideration is improper (see discussion below), and 
asks that Claim 80 be examined with the remaining pending claims. 

As noted in the RCE, method claims 50, 54-58 and 82-94, directed to non-elected 
subject matter, are retained for possible rejoinder upon allowance of product claims deemed 
allowable. 

WITHDRAWAL OF CLAIM 80 FROM FURTHER CONSIDERATION AS BEING 
DRAWN TO NON-ELECTED SUBJECT MATTER 
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The Examiner includes Claim 80 among those that are withdrawn from further 
consideration as being drawn to non-elected subject matter. As noted in the RCE filed 
January 28, 2008, Applicant respectfully resubmits that the withdrawal is improper, and asks 
that Claim 80 be examined with the remaining pending claims. 

Claim 80 as amended in the RCE is drawn to a delivery system containing the 
pharmaceutical formulation of Claim 73 and a nebulizer, an atomizer or a dropper bottle. 
Claims 80 and 73 are related as a combination (Claim 80) and subcombination (Claim 73). 
Inventions that are related as a combination and a subcombination are properly restrictable 
only if it can be shown that the combination as claimed does not require the particulars of the 
subcombination as claimed for patentability and the subcombination has utility by itself or in 
other combinations (MPEP § 808.05(c)). In this instance, while the pharmaceutical 
formulation of Claim 73 (i.e., the subcombination) can be used independently or in 
combination with components other than those specified in the delivery system of Claim 80, 
the combination of Claim 80, i.e., the pharmaceutical formulation of Claim 73 combined with 
a nebulizer, an atomizer or a dropper bottle, requires the particulars of the pharmaceutical 
formulation of Claim 73 for patentability. Therefore, the two-way distinctness test set forth 
in MPEP §808.05(c) is not met, and Applicant asks that Claim 80 be examined with the 
remaining pending claims. 

THE REJECTION UNDER 35 U.S.C. §112, FIRST PARAGRAPH- WRITTEN 
DESCRIPTION 

Claims 1-3, 6-10, 12-14, 22, 24, 31-34,47, 61-79 and 94-98 are rejected under 35 
U.S.C. § 1 12, first paragraph, as lacking adequate written description. The Examiner asserts 
that the specification does not adequately describe the structural and functional features 
commonly possessed by the genus of protein constructs containing a "therapeutic domain" 
that prevents pathogenic infection of a target cell by blocking entry of the pathogen into the 
cell, and an "anchoring domain" that binds to a molecule on the surface of the target cell. In 
support of this assertion, the Examiner alleges that the only exemplified constructs are those 
in which the therapeutic domain is the sialidase of SEQ ID NO: 8 or 9 and the anchoring 
domain is the GAG-binding domain of SEQ ID NOS: 2-7, and that these disclosed constructs 
are insufficient to put one of skill in the art in full possession of the claimed genus. He 
further alleges that no sequences that are "substantially homologous to" the disclosed 
sequences are described. 
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This rejection is traversed. First, in the interest of advancing the application to 
allowance, the claims were amended in the RCE filed January 28, 2008, to delete the phrase 
"substantially homologous to." Next, the claims as currently amended are drawn to a 
compound that includes "a sialidase domain comprising a peptide or protein having sialidase 
activity" and an "anchoring domain comprising a peptide or protein that binds to a 
glycosaminoglycan (GAG) on the surface of the target cell." As discussed below, both these 
protein domains, and their sequence-structure-activity correlations, are well-known in the art. 
Therefore, the description in the specification, when combined with the knowledge of those 
of skill in the art, leave no doubt that Applicant had possession of what is claimed. 

Analysis 

The specification lists numerous known sialidases. The specification also describes 
(and cites references to that effect) GAG-binding domains that have long been known to be 
present on a variety of proteins. No explicit recitation of each of their sequences, published 
in the various references cited in the application and/or in public databases such as Genbank, 
is necessary to establish their possession by Applicant for construction of the claimed 
compounds and their pharmaceutical formulations. The specification evidences Applicant's 
appreciation of the existence of each of these types of domains, already well-known to those 
of skill in the art, and their use in the construction of the presently claimed compounds. . 

Applicant further disagrees that the specification is inadequately descriptive of 
sequences that are "substantially homologous to" those described. As the specification 
describes, for example, at page 7, line 30 to page 8, line 3, a substantially homologous 
sequence is one that essentially retains the activity of the reference sequence which, in this 
instance, is a protein of well-characterized activity such as a known sialidase or a GAG- 
binding domain. Nonetheless, in the interest of advancing prosecution, the present claims do 
not refer to "substantially homologous" sequences. 

To satisfy the written description requirement, the application need only disclose 
sufficient relevant, identifying characteristics so that one of skill in the art would recognize 
that Applicant was in possession of the claimed subject matter. MPEP § 2163; see also 
University of California v. Eli Lilly , 119 F. 3d 1559, 1568, 43 USPQ2d 1398, 1406 (Fed. Cir. 
1997); Enzo Biochem. Inc. v. Gen-Probe. 296 1316, 63 1609 (Fed. Cir. 2002). 
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Further, the standard for written description is an objective one, based on what one of 
skill in the art would recognize in the disclosure. In re Gosteli , 872 F.2d at 1012. The 
knowledge and level of skill in the particular art is a factor to be considered in determining 
the standard. It is not necessary to include in the specification that which those of skill in the 
art know; the specification is presumed to include all such knowledge. 

Thus, whether a disclosure meets the written description required to establish 
possession of what is claimed depends, in part, on the knowledge of those skilled in the art. 
In the case of proteins, the knowledge of those skilled in the art includes sequence 
information and a known correlation between structure and function. It is Applicants' 
position that the sialidases and the GAG-binding domains have been so extensively studied as 
of the present application's priority date that there was an understood correlation between 
structure and function for each of these domains. It is also Applicants' position that given 
this knowledge available to those of skill in the art, and given the disclosure of the present 
application describing each of these domains, the present claims meet the written description 
requirement. 

The courts have upheld the premise that when there is extensive or even adequate 

knowledge in the art regarding a technology (in this case, proteins), even one example may 

suffice to satisfy the written description requirement. In Invitrogen Corporation v. Clontech 

Laboratories, Inc. (429 F.3d 1052; Fed Cir (2005)), the court considered whether the 

following claim met the written description requirement. 

1. An isolated polypeptide having DNA polymerase activity and 
substantially reduced RNaseH activity, wherein said polypeptide is 
encoded by a modified reverse transcriptase nucleotide sequence that 
encodes a modified amino acid sequence resulting in a polypeptide having 
substantially reduced RNaseH activity and wherein said nucleotide 
sequence is derived from an organism selected from the group consisting 
of a retrovirus, yeast, Neurospora, Drosophila, primates and rodents. 

The patent disclosed the sequence of a MMLV DNA polymerase deletion mutant 
lacking RNaseH activity. In considering this claim, the trial court noted that at the time of 
the invention, the sequences of several reverse transcriptase genes were known and that it 
was known that several members of the reverse transciptase gene family shared significant 
homology. The trial court concluded the claim recited above met the written description 
requirement. This decision was appealed to the Court of Appeals for the Federal Circuit. 

The appellant, citing Fiers v. Revel and University of California v. Eli Lilly and Co., 
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argued that the trial court had erred in finding that the claim met the written description 
requirement. The appellant argued that the claim fails to meet the written description 
requirement because the claim is not limited to sequences recited in the specification or the 
claim. The Court of Appeals for the Federal Circuit upheld the trial courts decision that the 
claim meets the written description requirement. In doing so, the court stated that the 
challenger's reliance on Fiers and Eli Lilly was misplaced because the patent specification at 
issue in those cases did not disclose the sequence "of any embodiment of the DNA sequence 
claimed therein. Id. at 1073. 

Thus, it is clear that the disclosure of even one embodiment of a recombinant gene 
encoding a mutant protein, when coupled with the knowledge of homologs in the prior art, 
can satisfy the written description requirement for even broad claims to modified proteins. 

Similarly, In Capon v. Eshhar v. Dudas, the Court of Appeals for the Federal Circuit 
held that claims drawn to chimeric genes containing a sequence encoding a single-chain 
variable domain of an antibody and a sequence encoding the cytoplasmic, transmembrane 
and extracellular domains of a lymphocyte signaling protein, were adequately described in 
light of a few examples in the specification and the extensive knowledge in the art regarding 
the sequences and structures of each of the encoded domains. 

In this instance, the detailed description in the specification of sialidases and GAG- 
binding amino acid sequences, including their sequences, structure, and correlation between 
their structure and function, the extensive knowledge in the art regarding the same, and the 
description in the specification of the resulting compounds and their properties, all clearly 
evidences possession of compounds containing a sialidase domain and a GAG-binding 
anchoring domain. 

A. Sialidases 

With regard to the sialidase domain, the specification provides extensive descriptions 
of many known sialidases, citing references and Genbank Accession numbers. At page 21, 
lines 3-22 and page 42, line 1 to page 45, line 27, the specification describes the cloning, 
sequencing and functional characterization of a number of bacterial, viral and human 
sialidases. Clearly, at the time the instant application was filed, many sialidases were known 
and fully characterized, not just the ones whose sequences are set forth in SEQ ID NOS. 8 and 
9. The cited sections of the specification describe the types of linkages cleaved by these 
sialidases, and their substrate specificities. The same sections also describe how the sialidases 
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in general share about 20-30% sequence homology, but their overall fold is remarkably 
similar, especially in the catalytic region. The cited sections further describe standard assays 
to measure sialidase activity. 

B. GAG-binding Domains 

With regard to the GAG-binding domains, the specification at page 13, lines 1 1-26, 
describes and cites references describing a variety of proteins having domains that bind to 
heparin and/or heparan sulfate. The GAG-binding domains are distinct from the receptor 
binding or other such activities of the proteins. One such class of protein is the 
amphiregulins, and their GAG-binding domains also have long been known in the art (see, 
for example, Shoyab et al, Thorne et al. and Johnson et al, attached hereto as Appendix). 
Many classes of proteins were and are known to have GAG-binding domains; these include 
cell adhesion molecules, chemokines, glycoproteins of the extracellular matrix, polypeptide 
growth factors, secreted proteases and antiproteases, and proteins involved in lipoprotein 
uptake (see Lee et al, attached hereto as Appendix). The cited section of the specification 
describes exemplary sequences of GAG-binding domains that are known to have a high 
affinity for heparin (SEQ ID NOS: 2-7). Many such sequences have been identified, their 
binding affinities characterized, and consensus sequences deduced (see, for example, 
Verrecchio et al, attached hereto as Appendix). As the specification describes, GAG-binding 
domains facilitate the binding of proteins to the cell surfaces of numerous cells, including 
respiratory epithelial cells, because GAGs such as heparin and heparan sulfate are 
ubiquitously present on cell surfaces. This property, and the fact that they are distinct from 
and do not interfere with other functions of a protein, make the GAG-binding domains 
suitable anchoring domains to deliver a domain of choice, such as a sialidase, to the surface 
of a cell. 

C. Compounds that include a Sialidae Domain and a GAG-binding Domain 

The specification describes the construction and optimization of compounds 
containing a sialidase domain and a GAG-binding anchoring domain (page 4, lines 26-30; 
page 21, line 23 to page 22, line 11; Example 6). Examples 4 and 5 describe how to clone, 
express, purify and select suitable sialidases, and assay for their activity. The specification 
describes in detail the various configurations in which the two domains (sialidase and GAG- 
binding), with or without a linker between them, can be arranged (page 9, line 13 to page 1 1, 
line 31). Given this characterization of such compounds in the specification, and given the 
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extensive knowledge in the art regarding the sequence and structure/function correlation of 
sialidase domains and GAG-binding domains as discussed above, one can readily use this 
information to identify and construct other compounds having similar properties. 
Conclusion 

As discussed above, the specification provides extensive descriptions of the individual 
domains (sialidase catalytic domain and GAG-binding domain) constituting the claimed 
compounds, construction of the compounds and assaying for their activities. In addition, as 
of the priority date of the present application, knowledge regarding the sequence, structure 
and structure/function correlation of sialidases and GAG-binding domains was already highly 
evolved, and it is Applicants' position that given the many known sialidase protein 
sequences, GAG-binding domain sequences and the recognition of consensus sequence 
patterns therein, and the known correlation between structure and function for each of these 
domains, the written description requirement has been met for the present claims. 

In view of the forgoing, Applicant respectfully requests that the Examiner withdraw 
the rejections based on the written description requirement of 35 U.S.C. §112, first paragraph. 

THE REJECTION UNDER 35 U.S.C. §112, FIRST PARAGRAPH- ENABLEMENT 

Claims 1-3, 6-10, 12-14, 16-20, 22, 24, 31-34, 47, 61-79 and 94-98 are rejected under 
35 U.S.C. §112, first paragraph, as not being enabled for their full scope. In particular, the 
Examiner alleges that the specification, "while being enabling for a compound or 
composition comprising a compound consisting of therapeutic domain selected from among 
SEQ ID NO:8 and SEQ ID NO:9, and an anchoring domain selected from among the GAG- 
binding domains of SEQ ID NOS:2-7, does not reasonably provide enablement for a 
composition containing anchoring and/or therapeutic domains of "undetermined structure and 
function." 

The Examiner further alleges that the disclosure is not sufficiently enabling for the 
full scope of the claims, which as pending encompass an "extremely large number" of fusion 
constructs. He states that the dependent claims 2-3, 6-10, 12-14, 22, 24, 31-34, 47, 61-79 and 
94-98 identify specific target cells, therapeutic domains and anchoring domains, but allegedly 
"lack the complete structure of the compound in any single claim nor specify having a 
defined function with respect to a specific pathogen or in preventing any infection." 
(emphasis in quote) 
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With respect to pharmaceutical composition claims 47, 72, 73 and 76-79, it is alleged 
that the specification provides no teaching, nor is there any data, showing that the claimed 
fusion proteins are "associated with any of the known diseases or disorders or infections or 
can be treated or prevented" by administering the fusion constructs. 

This rejection is traversed. As discussed above, the present claims specify the 
presence of a sialidase domain comprising a peptide or protein having sialidase activity; and 
an anchoring domain comprising a peptide or protein that binds to a glycosaminoglycan 
(GAG) on the surface of the target cell". Sialidases and GAG-binding domains are well 
known in the art. As discussed below, the teachings of the specification, when combined 
with the knowledge of those of skill in the art, render the specification more than adequately 
enabling for compounds containing these known domains. 

As the present specification explains, sialic acid is a receptor for influenza viruses. 
Thus, treating the surface of respiratory epithelial cells with a sialidase can prevent influenza 
infections or interrupt early infections. The specification secribes a number of sialidases and 
describes how they can be tested for the ability to inhibit infection of cells by influenza virus. 
Attached are two publications, one by Malakhov et al. and the other by Belser et al. These 
publications, which are discussed in greater detail below, demonstrate that a compound 
containing a sialidase domain and a GAG-binding anchoring domain is effective at 
preventing, treating or reducing the severity of infection by several influenza strains and 
avian influenza, as demonstrated in in vitro and in vivo model systems. The experiments 
described in these publications demonstrate that by following the teachings of the 
specification, one of skill in the art can make and test the claimed protein-based 
compositions, and one can observe a therapeutic effect in preventing and treating pathogenic 
infection. 

Analysis 

The inquiry with respect to scope of enablement under 35 U.S.C. §1 12, first 
paragraph, is whether it would require undue experimentation to make and use the subject 
matter as claimed. A considerable amount of experimentation is permissible, particularly if it 
is routine experimentation. The amount of experimentation that is permissible depends upon 
a number of factors, which include: the quantity of experimentation necessary, the amount of 
direction or guidance presented, the presence or absence of working examples, the nature of 
the invention, the state of the prior art, the relative skill of those in the art, the predictability 



-18- 



Applicant 
Serial No. 
Filed 



Yu et al. 
10/718,986 
November 21, 2003 



Attorney's Docket No.: 21865-002001 / 6502 

Response 



of the art, and the breadth of the claims. Ex parte Forman , 230 USPQ 546 (Bd. Pat. App. & 
Int'f 1986); see also In re Wands. 8 USPQ2d 1400 (Fed. Cir. 1988). 

There is no requirement for disclosure of every species within a genus. Applicant is 
entitled to claims commensurate in scope with that which one of skill in the art could obtain 
by virtue of that which the Applicant has disclosed. 

In this instance, a consideration of the factors enumerated in In re Wands , including: 
(a) the breadth of the claims, (b) the teachings of the specification regarding sialidases and 
GAG-binding domains, their sequences, structures, and corresponding activities, (c) 
examples describing the construction of compounds containing sialidase domains and GAG- 
binding domains and assaying for sialidase activity, (d) the extensive knowledge in the art, 
based on known sequences of sialidases (at least fifteen), regarding the consensus 3D 
structure (conserved catalytic fold) that is necessary for sialidase catalytic function, and the 
hundreds of known GAG-binding domains and the identification of consensus sequences that 
are needed for GAG-binding activity, (e) the high level of skill in the art regarding how to 
make, test and select compounds that retain sialidase catalytic activity and GAG-binding 
activity, and (f) the fact that identifying proteins belonging to a structurally and functionally 
well-characterized class is predictable given the extensive teachings of the instant application 
and the state of the art at the time of the effective date of the claims, leads to the conclusion 
that it would not require undue experimentation for one of skill in the art to make and use the 
subject matter as claimed. 

The claims are directed to: (a) compounds that include a sialidase domain with 
sialidase activity, and a GAG-binding peptide anchoring domain, and (b) pharmaceutical 
compositions containing the compounds. As discussed above with respect to the rejection on 
grounds of alleged lack of written description, the specification teaches a number of known 
sialidases, their substrate specificities, and their conserved catalytic folds. The specification 
also teaches numerous classes of proteins that have GAG-binding domains, and provides the 
sequences of several exemplary GAG-binding domains. As the specification teaches, and as 
those of skill in the art knew, the knowledge in the art regarding the correlation between 
structure and catalytic function of the sialidases, the general knowledge in the art regarding 
sequence determinants of "3D" structure, and the knowledge regarding the correlation 
between sequence and binding activity of the GAG-binding domains (including the 
identification of consensus GAG-binding sequences collated from a number of classes of 
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proteins; see Verrecchio et al, attached hereto as Appendix), was so extensive at the time of 
the application's priority date that by following the teachings of the specification, one of skill 
could readily identify sequences that contain the desired activities of these domains, and 
retain these activities in compounds that include both types of domains (sialidase and GAG- 
binding domains). 

In addition to the above teachings, Examples 4 and 5 of the specification teach how to 

clone, express, purify and assay sialidases for selection of the optimal candidates for 

preparation of compounds containing a sialidase domain and a GAG-binding domain. 

Example 6 teaches how to construct, optimize and test the sialidase domain/GAG-binding 

domain constructs. By following the teachings of the specification, one can make a variety of 

compounds containing a sialidase domain and a GAG-binding anchoring domain, and test 

them in standard infectivity assays (as described, e.g., in Example 2) for their ability to 

prevent or treat infection by a pathogen. 

Therapeutic Effect of Compounds containing a Sialidase Domain and a GAG 
Binding Domain 

The Examiner alleges that it is unpredictable which of the constructs produced as 
taught by the specification will actually have a therapeutic effect. Applicant respectfully 
submits that this is not the proper standard for enablement. To satisfy the requirement of 
enablement, a claim does not have to explicitly exclude every conceivable inactive variant. 
("[I]t is not a function of the claims to specifically exclude either possible inoperative 
substances or ineffective reacting proportions". In re Application of Dinh-Nguyen, 492 F.2d 
865 at 858-9 181 USPQ 46 (CCPA (1974)). Rather, the question is whether by following the 
teachings of the application, one of skill in the art can practice what is claimed with perhaps 
routine, but not undue, experimentation. 

A number of bacterial and viral pathogens are known to use sialic acid receptors on 
target cells to bind and/or infect the target cells. Such pathogens include influenza virus, 
parainfluenza virus, paramyxoviruses, coronaviruses, rotaviruses, Sendai virus, reovirus, 
polyoma viruses and Pseudomonas aeruginosa {see Wassilewa, L., Arch Virol 54:299-305 
(1977); Vlasak et al, Proc Natl Acad Sci USA 85:4526-4529 (1988); Fukudome et al, 
Virology 172:196-205 (1989); and Ramphal etal, Infect Immun 41:339-44 (1983), of record). 
The specification teaches how compounds containing a sialidase domain to cleave sialic acid 
receptors on a target cell and a GAG-binding domain to anchor the sialidase to the target cell 
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can prevent binding and entry of a pathogen, such as influenza virus, which uses those sialic 
acid receptors to infect the target cell (specification at page 20, lines 28-29; page 22, lines 12- 
18; page 13, lines 10-15; page 21, line 23 to page 22, line 1 1). The specification teaches how 
to measure the sialidase activity of these compounds, and how to test them in infectivity 
assays. There is no reason why, given these teachings and the knowledge of those of skill in 
the art, one would not be able to obtain constructs having a therapeutic effect with perhaps 
reasonable, but not undue, experimentation. 

Claims 47, 72, 73 and 77-79: With regard to the pharmaceutical composition claims 
47, 72, 73, and 77-79, the Examiner asserts the lack of a working example demonstrating the 
therapeutic efficacy of one or more exemplary compounds containing a sialidase domain and 
a GAG-binding domain, as evidencing lack of enablement. Applicant takes exception to this. 
Working examples are not necessary for a showing of enablement; they are only one factor 
that goes to a consideration of enablement. The test is whether a consideration of all the 
Wands factors together lead to the conclusion that by following the teachings of the 
specification, one of skill in the art can make and use what is claimed in a manner that does 
not require a level of experimentation that is undue. 

In this instance, the specification teaches the construction of compounds containing 
two well-known, well-characterized domains: a sialidase domain, and a GAG-binding 
domain. The specification teaches that the sialidase catalytic domain is a suitable for treating 
a variety of respiratory ailments in which infection is triggered via sialic acid receptors on a 
target epithelial cell surface. The specification further teaches that once the sialic acid 
receptor is cleaved, a pathogen, such as influenza virus, whose entry is mediated via these 
receptors, is unable to do so (page 20, lines 28-29; page 22, lines 12-18). The specification 
also teaches that a GAG-binding domain is a suitable domain to anchor the sialidase to the 
epithelial cells, which are ubiquitous expressors of heparin and heparan sulfate (types of 
GAGs) on the cell surface (page 13, lines 1015; page 21, line 23 to page 22, line 1 1). 

The question that goes to enablement is whether by following these teachings, one of 
skill in the art can (1) construct a compound containing a sialidase domain and a GAG- 
binding anchoring domain; and (2) test its ability to prevent or treat pathogenic infection in a 
suitable assay. The specification has provided ample teachings to be able to do so. No actual 
working examples are necessary. 
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Although not needed, attached are two publications (Malakhov et al. and Belser et al, 
attached hereto as Appendix) reporting experiments performed with an exemplary compound, 
one containing an Actinomyces Viscosus sialidase catalytic domain and a human 
amphiregulin GAG-binding domain. The experiments demonstrate that by following the 
teachings of the specification, one of skill in the art can make and test the claimed protein- 
based compositions, and one can observe a therapeutic effect in preventing and treating 
pathogenic infection. 

Proteins containing a Sialidase domain and a GAG-binding domain can reduce 
infection by Human Influenza and Avian Flu in Animal Models 

A) Malakhov et al, Antimicrob. Agents and Chemother., 50(4):1470-1479 (2006) 

The ability of compounds containing a sialidase domain and a GAG-binding domain 
to protect against influenza infection was also tested in in vivo model systems. Attached is a 
publication by Malakhov et al, demonstrating the in vitro and in vivo efficacy of two 
constructs containing a sialidase catalytic domain (A V CD; amino acids 274-667 of 
Actinomyces Viscosus sialidase) and a human amphiregulin GAG-binding domain (AR; 
amino acids 125-145 of human amphiregulin). The constructs were as follows: 
A V CD-AR (DAS 181; AR domain C-terminus to A V CD domain); and 
AR- A V CD (DAS 178; AR domain N-terminus to A V CD domain) 
Malakhov et al. demonstrate that a sialidase fusion protein containing a GAG-binding 
domain that anchors the fusion protein to a cell (DAS181) is ten times more effective at 
cleaving cellular sialic acid receptors than a sialidase fusion protein that does not contain a 
GAG-binding domain. Further, DAS 181, which contains both the sialidase domain and the 
GAG-binding domain was found to: (i) protect cells from infection by a variety of influenza 
strains (increase cell viability post viral challenge); (ii) inhibit viral binding to the cells; and 
(iii) inhibit viral replication and infectivity) (Figure 3, Table 1). 

The preventative and therapeutic activities of DAS181 were also tested in vivo, in a 
mouse model system. Mice exposed to DAS181 before being challenged with influenza virus 
strain H1N1 or at various times for up to 48 hours post viral challenge all showed a marked 
increase in survival, improved lung survival and lung pathology, and inhibition of virus titer 
in the lungs of infected animals (Figure 4, Table 5). 
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The DAS178 construct was then tested in ferrets, an animal model that most closely 
mimics the symptoms of human influenza. Ferrets exposed to DAS 178 at various times 
beginning at 2 days prior to viral challenge with influenza strain H1N1 and ending at 5 days 
post viral challenge showed markedly improved protection against infection and diminished 
signs of illness and inflammation. Control animals treated with delivery vehicle alone and a 
viral challenge showed peak viral shedding at 1-2 days post viral challenge, followed by a 
gradual decrease in shedding. In contrast, only 3 out of 12 DAS178-treated ferrets showed 
viral shedding 1 -2 days post viral challenge, and the nasal virus titer in these animals was 
hundred times less than that seen in the animals treated with delivery vehicle alone (Table 6). 

B) Reiser et al, J. Infect Dis., 196:1493-1499 (2007) 

Applicant also provides herein a recent publication, Belser et al, demonstrating the 
therapeutic efficacy of DAS181 (containing an Actinomyces Viscosus sialidase catalytic 
domain and a human amphiregulin GAG-binding domain as the anchoring domain; see 
description in Malakhov et al., discussed above). As shown in the publication, when mice 
were treated with the DAS 1 8 1 construct prior to their exposure to a highly virulent lethal 
avian influenza virus, H5N1, 100% of the mice were protected from a fatal form of the 
disease, and 70% of the mice were protected from all forms of infection. In addition, the 
DAS 181 compound was effective in treating the mice when the drug was administered 3 days 
after exposure to the virus, resulting in enhanced survival. 

In light of the above experimental evidence, Applicant respectfully submits that the 
composition claims 47, 72, 73 and 77-79 are operative in their intended use as 
pharmaceuticals. 

THE REJECTION OF CLAIMS 1-3, 6-10, 12-14, 22, 24, 31-34, 47, 61-79 AND 94-98 
UNDER 35 U.S.C. §112, SECOND PARAGRAPH 

Claims 1-3, 6-10, 12-14, 22, 24, 31-34,47, 61-79 and 94-98 are rejected under 35 

U.S.C. § 1 12, second paragraph, as being indefinite in their recitation of the phrase 

"therapeutic domain." It is alleged that the meaning of the phrase is unclear. Without 

conceding the merits of this rejection, it is rendered moot by amending the claims to remove 

the phrase "therapeutic domain." 
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THE REJECTION OF CLAIMS 1-3, 5-10, 12-14, 16-20, 22-24, 31-34, 47, 61-79 AND 
94-98 UNDER THE JUDICIALLY CREATED DOCTRINE OF OBVIOUSNESS- 
TYPE DOUBLE-PATENTING 

Claims 1-3, 5-10, 12-14, 16-20, 22-24, 31-34, 47, 61-79 and 94-98 are provisionally 
rejected under the judicially created doctrine of obviousness-type double-patenting over 
claims 141-147, 149, 151, 162-169 and 171 of co-pending Application SerialNo. 10/939,262. 
Without addressing its merits or conceding its propriety, this rejection will be addressed as 
appropriate upon indication that there is allowable subject matter in one or both applications. 



* * * 

In view of the amendment and remarks herein, allowance of the application is 
respectfully requested. 

Please apply any charges or credits to Deposit Account No. 06-1050, referencing 
Attorney Docket No. 21865-0002001. 

Respectfully submitted, 



Date: 8 September 2008 /Anita L. Meikleiohn/ 

Anita Meiklejohn 
Reg. No. 35,283 

Fish & Richardson P.C. 
225 Franklin Street 
Boston, MA 021 10 
Telephone: (617) 542-5070 
Facsimile: (617) 542-8906 
email: seidman@fr.com 
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Design of Peptides with High Affinities for Heparin and Endothelial 
Cell Proteoglycans* 
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Proteoglycan-binding peptides were designed based 
on consensus sequences in heparin-binding proteins: 
XBBXBX and XBBBXXBX, where X and B are hydro- 
pathic and basic residues, respectively. Initial peptide 
constructs included (AKKARA)„ and (ARKKAAKA)„ (n = 
1-6). Affinity coelectrophoresis revealed that low M r 
peptides (600-1300) had no affinities for low M r heparin, 
but higher M r peptides (3000-3500) exhibited significant 
affinities (K d = 50-150 mi), which increased with pep- 
tide M r . Affinity was strongest when sequence arrays 
were contiguous and alanines and arginines occupied 
hydropathic and basic positions, but inclusion of pro- 
lines was disruptive. A peptide including a single con- 
sensus sequence of the serglycin proteoglycan core pro- 
tein bound heparin strongly (K d s 200 mi), likely owing 
to dimerization through cysteine-cysteine linkages. Cir- 
cular dichroism showed that high affinity heparin-bind- 
ing peptides converted from a charged coil to an a-helix 
upon heparin addition, whereas weak heparin-binding 
peptides did not. Higher M r peptides exhibited high af- 
finities for total endothelial cell proteoglycans (K d = 300 
iim), and ~4-fold weaker affinities for their free glyco- 
saminoglycan chains. Thus, peptides including con- 
catamers of heparin-binding consensus sequences may 
exhibit strong affinities for heparin and proteoglycans. 
Such peptides may be applicable in promoting cell-sub- 
stratum adhesion or in the design of drugs targeted to 
proteoglycan-containing cell surfaces and extracellular 
matrices. 



Proteoglycans (PGs) 1 are composed of a core protein to which 
are covalently attached one or more sulfated glycosaminogly- 
cans (GAGs). PGs are ubiquitous components of cell surfaces 
and the extracellular matrix, and their GAG chains contribute 
to myriad biological functions, such as modulation of enzyme 
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activities, regulation of cell growth, and control of assembly of 
the extracellular matrix (1). PGs are thus potential targets for 
therapeutic intervention. For example, heparin antagonists are 
needed to take the place of protamine, a heterogeneous, some- 
times toxic protein mixture commonly used to neutralize the 
anticoagulant activity of heparin in humans (2, 3); in the design 
of drugs to be targeted to PG-rich tissues, such as cartilage (4); 
and to be used to promote cell adhesion in a variety of situa- 
tions, e.g. by promoting binding of cells that express abundant 
amounts of PGs, such as endothelial cells (5), to synthetic 
vascular graft surfaces. To develop a rationale for the design of 
such reagents, it is useful to examine known features of protein 
structure required for high affinity interactions with GAGs. 
Thus, analysis of the structural features of many known hep- 
arin- and heparan sulfate (HS)-binding proteins has revealed 
the presence of conserved motifs, through which GAG binding 
has been postulated to occur. Cardin and Weintraub (6) iden- 
tified two clusters of basic charge in known heparin-binding 
proteins in which amino acids tend to be arranged in the 
patterns XBBXBX or XBBBXXBX, where B represents an 
amino acid with basic charge, usually ajginine or lysine, and X 
represents an uncharged or hydrophobic amino acid. Molecular 
modeling of these consensus sites predicts the arrangement of 
amino acids into either a-helices or /3-strands. This allows for 
the clustering of noncontiguous basic amino acids on one side of 
the helix, thus forming a charged domain to which GAGs could 
bind. Indeed, for some but not all of the heparin-binding pro- 
teins, disruption of the heparm-bmding consensus sequences 
hinders heparin binding. For example, chemical modification of 
the heparin-binding consensus site in thrombospondin (7) or 
site-directed mutagenesis of a heparin-binding sequence in fi- 
bronectin (8) eliminates or diminishes heparin binding affinity. 
Others have proposed a necessary distance of approximately 20 
A between basic amino acids for heparin binding, regardless of 
protein tertiary structure (9). 

To date, few attempts have been made to use these concepts 
regarding the structural specificities of GAG-protein interac- 
tions to develop families of high affinity GAG- or PG-binding 
peptides. Thus, here we describe the design and characteriza- 
tion of high affinity heparin- and EC PG-binding peptides that 
were modeled from the proposed heparm-binding consensus 
sequences of native heparin-binding proteins. 

EXPERIMENTAL PROCEDURES 

Peptide Synthesis — Peptides were synthesized and purified by the 
University of Virginia Biomolecular Research Facility (Charlottesville, 
VA) or by Genosys Biotechnologies (The Woodlands, TX). Peptides were 
synthesized by standard solid phase synthesis using Fmoc (N-(9-fluore- 
nyl)methoxycarbonyl) chemistry. Peptide molecular weight was verified 
by mass spectroscopy, and purity (>70%) was analyzed by high pres- 
sure liquid chromatography. 

Preparation of Radiolabeled Heparin — Whole heparin from pig intes- 
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tinal mucosa (Sigma) was tyramine end-labeled and radiolabeled with 
Na 125 I (Amersham Pharmacia Biotech) to an average specific activity of 
-1.0 x 10 7 cpm/jig as described (10). Radiolabeled heparin was frac- 
tionated on Sephadex G-100 (Bio-Rad), and the final —12% of material 
to elute was retained as the low M r material of £6000 (11, 12). 

Electrophoretic Analysis of Binding of Heparin and Human Umbili- 
cal Vein Endothelial Cell (HUVEC) PGs to Peptides — Binding of radio- 
labeled heparin and HUVEC PGs to peptides was studied by ACE as 
detailed elsewhere (13), because the heparin-protein binding affinities 
revealed by ACE match reasonably well with those obtained by other 
well established quantitative techniques for measuring binding inter- 
actions, e.g. (14-17). Briefly, peptides were dissolved in lx ACE run- 
ning buffer, 50 mM MOPSO (§igma)/125 mM sodium acetate, pH 7.0, 
and serially diluted in running buffer at 2x concentrations. Peptides 
were then mixed 1:1 with 2% agarose/1% CHAPS (Roche Molecular 
Biochemicals) and loaded into wells of a 1% agarose gel. Radiolabeled 
heparin or HUVEC PGs were then loaded in a slot on the anode side of 
the gel and electrophoresed through the peptide-containing wells, to- 
ward the cathode. Gels were dried, and PG mobility was measured with 
a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA) by scanning 
each protein lane and determining the relative radioactivity content per 
88-p.m pixel through the lengtl) of the lane. Retardation coefficient (R) 
measurements, binding isotherm curve fittings, and apparent K d value 
determinations were calculated as detailed previously (10, 13). 

Some peptides were also analyzed by ACE for heparin binding under 
reducing conditions. Thus, after serial peptide dilution, /3-mercaptoeth- 
anol was added at 5% to each peptide sample, and these were mixed 1:1 
with 2% agarose/1% CHAPS/5% (S-mercaptoethanol and added to the 
ACE gel sample wells as usual. 

Binding analysis of peptides to enzymatically or chemically degraded 
PGs (see below) was carried out by ACE as detailed, except that PG 
samples included 6 M urea to denature any residual enzymes. 

Cell Culture — HUVEC were isolated as detailed elsewhere (18) and 
were used up to passage seven. Cells were cultured on 0.2% gelatin- 
coated tissue culture flasks in normal culture medium composed of 
medium 199 (Life Technologies; Inc.), 10% fetal bovine serum (Mediat- 
ech Inc.), 80 jig/ml endothelial cell growth supplement isolated from 
bovine hypothalami as described (19), 50 pig/ml heparin (porcine intes- 
tinal mucosa, grade 1A, Sigma) 1% penicillin-streptomycin, and 0.1% 
fungizone. 

Radiolabeling and Isolation of Total HUVEC PGs and GAGs — Expo- 
nentially growing, subconfluent HUVECs were labeled with 35 fiCi/ml 
[ 35 S]Na 2 S0 4 (ICN Pharmaceuticals, Costa Mesa, CA) in normal culture 
medium minus heparin for 12 h. Culture medium and cell layers were 
harvested separately. After removal of the medium, cells were washed 
with 2.0 ml of phosphate-buffered saline plus Ca 2+ -Mg 2+ . Medium and 
rinses were pooled and brought to 6 M urea, 10 mM EDTA, 1 mM 
phenymethylsulfonyl fluoride, 5 mM Af-ethylmaleimide, 50 mM 6-amin- 
ocaproic acid, 5 mM benzamidine, and 1 ng/ml pepstatin A. Samples 
were stirred for 15 min at room temperature and then centrifuged at 
10,000 rpm for 30 min to remove insoluble materials. 

To the cell layer was added 2.0 ml of extraction solution, 6 M urea, 
100 mM NaCl, 0.2% Triton X-100, 50 mM Tris-HCl, pH 7.0, and protease 
inhibitors as described above. Cells were scraped off the dishes, and the 
extracts were pooled and stirred for 5 min at room temperature and 
then centrifuged as described above. 

Samples were concentrated on DEAE columns (DEAE Bio-Gel A 
agarose, Bio-Rad) equilibrated with low salt buffer, 0.1 M NaCl, 6 M 
urea, and 50 mM Tris-HCl, pH 7.0. Columns were rinsed with 10 ml of 
low salt buffer; flow-through was discarded. Bound PGs/GAGs were 
eluted with 3 ml of high sal), buffer, 1.5 M NaCl, 6 M urea, and 50 mM 
Tris-HCl, pH 7.0. Eluted samples were dialyzed against distilled water, 
lyophilized, and stored at —20 °C until binding analysis. 

Enzymatic Digestions of i?Gs — The contributions of PG GAG chain 
components to peptide binding affinities were assessed by selective 
enzymatic degradation of GAG chains prior to ACE analysis. 
[ 35 S]Na 2 S0 4 -labeled HUVEC PGs were digested with chondroitinase 
ABC or heparatinase I (Seikagaku America, Ijamsville, MD). PG sam- 
ples were resuspended in 100 /il of enzyme buffer (chondroitinase 
buffer: 50 mM Tris-HCl, 30 mM sodium acetate, pH 8.0, 0.1 mM pepsta- 
tin A, 0.5 mg/ml bovine serum albumin, 10 mM iV-ethylmaleimide, 1 mM 
phenylmethylsulfonyl fluoride,, and 5 mM EDTA; heparatinase buffer: 
50 mM Tris-HCl, 5 mM calcium acetate, pH 7.0, 0.5 mg/ml bovine serum 
albumin, and 1 mM phenylmethylsulfonyl fluoride). Samples were di- 
gested with 0.05 units/ml chondroitinase ABC at 37 °C for 3 h. Fresh 
enzyme was then added to the same concentration, and the incubation 
was continued for an additional 1 h. Heparatinase I was added to 
samples at 0.01 units/ml. Samples were incubated for 3 h at 43 °C, fresh 



enzyme was then added to the same concentration, and incubation was 
continued for an additional 1 h. All samples were then stored at -20 °C 
until binding analysis. 

Chemical Degradation of PGs — The contributions of PG GAG chain 
components to peptide binding affinities were further assessed by se- 
lective chemical degradation. Total secreted HUVEC PGs were sub- 
jected to nitrous acid degradation as detailed (20), which selectively 
degrades HS GAG chains. Binding analysis to peptides was then meas- 
ured by ACE. 

^-Elimination of PGs — GAG chains were released from PG core 
proteins by alkaline borohydride reduction as detailed in Ref. 21. 

Circular Dichroism Spectroscopy — CD spectra were recorded at 
22 "C using a JASCO J-500C spectropolarimeter interfaced to a 486 PC. 
The path length of the CD cells was 0.5 mm, and the CD was expressed 
in terms of ellipticity [®] in degree-cm 2 -dmol _1 . Samples were initially 
dialyzed to water to remove residual synthesis contaminants, lyophi- 
lized, and resuspended in water at 1 mg/ml, and the pH was adjusted to 
7.0. Peptide concentrations of 0.1 or 0.2 mg/ml were analyzed. Typically, 
two scans were averaged for each spectrum. CD spectra of peptides in 
a-helical conformations were recorded in the presence of trifluoroetha- 
nol (TFE), which served as a positive control of peptides in a-helical 
conformations. To determine the effects of heparin on peptide confor- 
mation, solutions containing peptide plus heparin were prepared at 
various peptide:heparin ratios (w/w). 

Analysis of Peptide Concentration — Concentrations of peptides used 
in CD were verified by one-dimensional NMR spectroscopy based on an 
internal 2,2-dimethylsilapentane-5-sulfonate standard. NMR experi- 
ments were recorded on a Bruker AMX 600 NMR spectrometer 
equipped with a 5 mm broadband inverse probe, using the XwinNMR 
2.1 software package run on a Silicon Graphics INDY work station. 
One-dimensional proton spectra were acquired at 303 K using a 4 s 
relaxation delay and were processed with 0.5 Hz exponential line broad- 
ening. 250 fjii of a 1 mg/ml peptide solution (as determined by weight) 
was lyophilized and dissolved in 405 /J of D 2 0 containing 0.123 mM 
2,2-dimethylsilapentane-5-sulfonate. The degenerate arginine 6CH 2 
resonances at 3.2 ppm, ascertained by a total correlation spectroscopy 
experiment, were integrated and compared with the internal standard. 

Peptide Length Calculations — Simple random walk statistics, ne- 
glecting contributions due to swelling, charge, and self-avoidance, were 
assumed to apply to peptides of type (AKKARA)„ and (ARKKAAKA) n , 
where n = 1-6, and used to calculate the average spatial separation of 
terminal amino acids and to estimate overall peptide size. Peptide size 
was calculated using the average end-to-end separation using the 
equation, 



1 - cos9\ /l - cos? 



cosO/Vl + cos?. 



(Eq. 1) 



where <r> = average end-to-end distance, n = number of 
amino acid residues, l a = average bond length, 0 = average 
bond angle, and <f> = rotation angle (22). The rotation angle was 
taken to equal either 0° for a fully extended molecule or 120° for 
bond rotation leading to a coiled structure. A perfect a-helix 
was assumed subsequent to binding with heparin, such that 
helical wheel diagrams, representing an 18/5 (residues/rota- 
tion) a-helix (23), could be constructed to visualize the position 
of and calculate the spacing for basic amino acids along the 
helix. 

RESULTS 

Peptide-Heparin Interactions — To design small peptides that 
exhibit high affinities for heparin and for the GAG components 
of PGs, peptide sequences were modeled after proposed hepa- 
rin-binding consensus sequence motifs. Thus, a collection of 
peptides containing one of two consensus sequence motifs, ei- 
ther XBBXBX or XBBBXXBX, as well as various modifications 
of these, were synthesized (Table I). As peptides containing a 
single heparin-binding sequence often show little or no affinity 
for heparin (24), a strategy used here was to include consensus 
sequences in multiple copies within peptides. In initial studies, 
we selected for synthesis the sequences (AKKAEA)„ or (ARK- 
KAAKA)„, where n = 1-6. Alanine was included in the hydro- 
pathic positions because of its stabilizing activity on a-helices 
(25), and the basic amino acids were chosen to represent those 



o 

I 

o 
m 

CL 
CD 
CL 

3 



O 
3 

Z 

< 

3 
cr 
CD 



ro 
o 
o 
i 



Heparin- and Proteoglycan-binding Peptides 



7703 



Table I 

Heparin binding affinity of peptides containing heparin-binding consensus sequences 



Peptides were analyzed for heparin-binding affinity by ACE, and K d values of peptide-heparin interactions were calculated from binding plots 
as detailed under "Experimental Procedures." Each sample was tested for heparin-binding 3-11 times, with an average of 4 times. K d represents 
an average of data obtained for all trials ± S.D. 



Peptide sequence 




K d ± S.D. 


XBBXBX tandem repeats 




nM 


AKKARA 


644 


Not detectable 


(AKKARA) 2 


1270 


40,000 ± 18,000 


(AKKARA) 3 


1895 


1,900 ± 210° 


(AKKARA),, 


2520 


174 ± 19 


(AKKARA) 6 


3146 


94 ± 41" 


(AKKARA) 6 


3770 


104 ± 32° 


(ARRAKA) 3 


1979 


900 ± 170° 


XBBBXXBX tandem repeats 






ARKKAAKA 


843 


Not detectable 


(ARKKAAKA) 2 


1668 


6,200 ± 3,000 


(ARKKAAKA) 3 


2493 


135 + 54 


(ARKKAAKA) 4 


3318 


42 ± 15" 


(ARKKAAKA) S 


4143 


51 ± ir 


(ARRRAARA) 3 


2745 


72 ±22°' 


(AKAAKKRA) 3 


2493 


132 ± 93 


XBBBXXBX tandem repeats with hydropathic 






position modifications 






(AKRKKAAKA) 3 


2878 


75 ± 41 


(GRKKGGKG) 3 


2325 


200 ± 98° 


(LRKKLGKR) 3 


2959 


105 ± 37 


(TRKKLGKD, 


2794 


737 ± 350" 


(ARKKPAKA) 3 


2571 


360 ± 127' 


ARKKAAKAARKKPAKAARKKAAKA 


2519 


730 ± 340 c 


ARKKAAKARKKAKARKKAAKA 


2351 


450 ± 95 c 


ARKKAAKAAAAAARKKAAKAAAAAARKKAAKA 


3062 


254 ± 137 e 


Native or modified serglycin sequences 






YPARRARYQWVRCKP 


1948 


187 ± 54 


YPTQRARYQWVRCNP 


1936 


817 ± 170 


YPARRARYQWVRAKP 


1918 


37,000 ± 6,700 


AAARRARAAAARAKA 


1482 


72,000 ± 60,000 



"p < 0.01 versus (AKKARA) 4 . 
b p < 0.01 versus (AKKARA) 3 . 
"p < 0.01 versus (ARKKAAKA) 3 . 
d p < 0.05 versus (ARKKAAKA),. 



with the highest probability; of occurrence in each basic position 
in the heparin-binding consensus sequences of native heparin- 
binding proteins (6). When single copies of either sequence 
were tested for heparin binding by ACE, no affinities were 
detected. In contrast, peptides containing two copies of the 
consensus sequence exhibited weak but detectable affinities for 
heparin (<6 /am), and peptides of higher molecular weight 
containing 4-6 copies of a consensus sequence showed a 
marked increase in heparin binding affinity (40-150 nM) (Fig. 
1). The heparin binding ^ffinity of both the 6-mer and 8-mer 
tandem repeat peptides reached a plateau as peptide length 
approached 30 amino acj,ds ((AKKARA) 5 , K d = 90 nM; (ARK- 
KAAKA)^ K d = 40 run). Larger peptides ((AKKARA) 6 and 
(AEKKAAKA) 5 ) displayed similar affinities (K d = 100 and 50 
nM, respectively; Table I). 

To define the sequence and conformational features of the 
tandem repeat peptides that confer their high affinity heparin 
binding characteristics, peptides containing variants of one of 
the consensus sequences prst tested, (AEKKAAKA) 3 , were syn- 
thesized. These included those in which alanines were replaced 
by other hydropathic residues, the spacings between consensus 
sequences were altered by removal or addition of alanine res- 
idues, or the potential of the peptides to form stable a-helices 
was inhibited by including proline residues at various posi- 
tions. It was found that peptide affinity for heparin was de- 
creased when alanine was replaced by glycine in all the hydro- 
pathic positions (( AEKKAAKA) 3 , K d as 135 nM; 
(GRKKGGKG) 3 , K d = 200 nM; p < 0.01); less conservative 
substitutions had varying effects on heparin binding affinity, 
i.e. for (LRKKLGKR) 3 , K d = 105 nM, affinity was unaffected; for 




0.1 1 10 100 1000 10 4 10 s 
[Peptide], nM 



Fig. 1. Calculation of heparin binding affinities of peptides 
containing heparin-binding consensus sequences. Retardation 
coefficients (R) for the migration of low M r 125 I-tyramine-heparin 
through peptides were determined from ACE gel electrophoretograms 
and are plotted against peptide concentration as detailed under "Ex- 
perimental Procedures." Smooth curves represent nonlinear least- 
squares fits to the equation R - RJ(1+ (KJ [peptide])"). Peptides con- 
taining single consensus sequences (AKKARA (•) or ARKKAAKA (O)) 
do not bind heparin with a measurable affinity; in contrast, significant 
heparin binding was seen with peptides containing multiple heparin- 
binding consensus sequences and increased as a function of peptide M r . 
x, (AKKARA) 2 (K d n 40 /xM); ■, (ARKKAAKA) 2 {K d = 6 fiu); □, 
(AKKARA) 3 (K d = 2 aM); A, (ARKKAAKA) 3 (K d = 135 nM); A, (ARK- 
KAAKA^ (K d at 40 nM). 



(TRKKLGKDa, K d = 740 nM (p < 0.01), affinity was decreased 
(Table I). 

Two peptides were synthesized in which the spacings be- 
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[Peptidc|, nM 

Fig. 2. Calculation of heparin binding affinities of SG pep- 
tides. R values for the migration of low M r 125 I-tyra mi ne-heparin 
through peptides containing sequences native to the mouse (YPAR- 
RARYQWVRCKP (•)) or human (YPTQRARYQWVRCNP (O)) SG PG 
core proteins were determined from ACE gel electrophoretograms as 
detailed under "Experimental Procedures." SG peptides displayed rel- 
atively strong affinities for heparin (K d = 200 and 900 nM for the mouse 
and human peptides, respectively), in comparison to peptides of similar 
size that contain multiple repeats of heparin-binding consensus se- 
quences (e.g. (AKKARA) 3 , K d = 2000 nM, and (ARKKAAKA) 2 , K d = 
6000 nM; Table I). Peptide AAARRARAAAARAKA (■) displayed negli- 
gible heparin binding affinity {K d = 75 ijm), indicating the importance 
of the nonbasic residues to heparin binding. YPARRARYQWVECKP- 
heparin binding in the presence of 0-mercaptoethanol (YPAR- 
RAEYQWVRCKP + /3-mercaptoethanol (x)) was decreased by over 
20-fold (K d es 4 fi-M). Replacement of cysteine by alanine in the mouse 
SG peptide (YPAERARYQWVEAKP (□)) further reduced heparin bind- 
ing affinity {K d = 36 jjim). 

tween adjacent consensus sequences were altered. Both 
increasing(AEKKAAKA-AAAA-AEKKAAKA-AAAA-ARKKAA- 
KA) and decreasing (ARKKAAKA-RKKAAKA-RKKAAKA) the 
distance between consensus sequences resulted in decreased 
heparin binding affinity (K d = 250 and 450 nM, respectively). 
Inclusion of prolines also decreased the heparin binding affin- 
ity, the degree of which was influenced by their position and 
number. Thus, the heparin binding affinity decreased to 360 nM 
when prolines were present in each tandem repeat in place of 
an alanine ((ARKKPAKA) ? ); however, a weaker affinity was 
obtained when a single proline was substituted in the center of 
a series of three heparin-binding consensus sequences (ARK- 
KAAJKA-ARKKPAKA-ARKKAAriA, K d = 730 nM; Table I). 

Other peptides synthesized and studied include sequences 
native to the mouse (YPARRARYQWVRCKP) and human 
(YPTQRARYQWVRCNP) serglycin (SG) core proteins, which 
contain a single and a partial consensus sequence, respec- 
tively. These showed significant affinities for heparin (K d = 
200-900 nM; Table I and Fig. 2), despite their small sizes 
(about 2000 Da). To elucidate the basis for the strong heparin 
binding features of these peptides, the ability of the basic 
residues to sustain high affinity binding was tested by study- 
ing a peptide that contained all of the basic residues of the 
mouse sequence in their native positions but in which all 
other residues were changed to alanines (AAAR- 
RARAAAARAKA). A 350-fold decrease in heparin binding 
affinity (K d = 72 jxm) for this peptide indicated that the 
number and arrangement of basic residues in the mouse 
sequence was not sufficient for high affinity binding and 
suggests the importance of one or more of the other nonbasic 
residues (Fig. 2). We next tested whether the C-terminal 
cysteine in the mouse SG peptide may promote peptide dimer 
formation, thereby influencing heparin binding affinity. 
Thus, heparin binding was tested by ACE under reducing 
conditions, and it was found that this treatment yielded 
negligible heparin binding. Likewise, when the cysteine res- 
idue was replaced by an alanine in the native mouse SG 
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Fig. 3. CD spectroscopy of (AKKARA) 8 in the presence or ab- 
sence of low M r heparin. CD spectra measurements of (AKKARA) 6 in 
the absence of heparin (1:0 (•)) reveal peaks at 195 and 216 nm and a 
crossover at 210 nm, indicative of an extended charged coil conforma- 
tion. Upon heparin addition (1:0.25 (O) or 1:0.50 (X)), the peptide 
conformation is altered, and at a 1:1 peptide-heparin ratio (■), the 
peptide becomes a-helical with characteristic a-helical peaks at approx- 
imately 190, 207, and 222 nm. Excess heparin (1:2 (□) or 1:4 (A)) 
disrupts this interaction, and the spectra resemble that of a protein in 
a random coil conformation. Spectra are heparin and/or blank (water) 
corrected. 

sequence, YPARRARYQWVRAKP, heparin binding affinity 
was again negligible; both results are consistent with the 
potential cross-linking function of the cysteine residues (Fig. 
2). 

CD — The intrinsic structural properties of the peptides were 
explored using CD spectroscopy. Short peptides of known hep- 
arin-binding proteins containing heparin-binding consensus 
sequences have previously been shown to fold into a-helical 
conformations. In doing so, the basic amino acids locate to one 
face of the helix and thus are potentially exposed for binding. 
Peptides that displayed weak ((AKKARA^), moderate 
((AKKARA) 4 ), and strong ((AKKARA) 5 and (AKKARA) 6 ) hep- 
arin binding affinities were analyzed by CD to characterize 
their degree of a-helical contents and propensities to form an 
a-helix. All peptides exhibit very similar spectra with peaks at 
195 and 216 nm and a crossover at 210 nm (for example, see 
Fig. 3, (AKKARA) 6 , 1:0 (•), and Fig. 4, (AKKARA) 2 , 1:0 (•)). 
These spectra are indicative of an extended charged coil con- 
formation that was previously reported for charged poly-L- 
lysines and poly-L-arginines (26). 

Intrinsic CD of the peptides shows that they do not adopt 
a-helical conformations. To explore the conformational reper- 
toire of the peptides and to record CD spectra for the a-helical 
conformations, peptides were analyzed by CD in the presence of 
the nonpolar solvent TFE. Nonpolar solvents are known to 
increase the degree of a-helicity of a peptide in solution by 
enhancing hydrogen bonding and electrostatic interactions 
(27). CD of (AKKARA) e at 0.1 mg/ml containing 0, 10, 20, 30, 
40, and 50% TFE (v/v) was measured. At TFE concentrations 
>30%, with an apparent maximal effect induced at 40% TFE, 
the peptide assumes an a-helical conformation, with classic 
a-helical peaks at 206 and 220 nm and a crossover at 197 nm 
(data not shown). 

The CD spectra of (AKKARA) 6 recorded in the presence of 
increasing amounts of heparin (Fig. 3) demonstrate that a 
change from a charged coil conformation displayed in the ab- 
sence of heparin (1:0) occurs upon heparin addition (1:0.25, 
1:0.50, and 1:1). Heparin induces a similar a-helical conforma- 
tion at a 1:1 peptide:heparin ratio that was obtained in the 
presence of >30% TFE, with classic a-helical peaks at 190, 207, 
and 222 nm. At higher heparin concentrations (1:2 or 1:4) the 
a-helical form is lost, and the spectrum resembles that of a 
random coil structure. This ability of excess GAG to disrupt the 
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Fig. 4. CD spectroscopy of (AKKARA) 2 in the presence or ab- 
sence of low M r heparin. The CD spectra measurements of 
(AKKARA) 2 in the absence of heparin (1:0 (•)) indicate a charged coil 
conformation (peaks at 195 and 216 nm, crossover at 210 nm). However, 
in contrast to the heparin-induced conformational change seen for the 
high affinity heparin-binding peptide (AKKARA) 6 , (AKKARA) 2 , which 
binds heparin weakly, remains a charged coil in the presence of heparin 
(1:0.25 (O), 1:0.50 (X), 1:0.75 (■), and 1:1 (□)). 

a-helical conformation of a polypeptide in solution has been 
reported previously (26). 

This same heparin effect is not obtained for the weak hepa- 
rin-binding peptide (AKKARA) 2 (Fig. 4). In the absence of 
heparin (1:0), the peptide assumes a similar charged coil con- 
formation as that observed for (AKKARA) 6 but fails to display 
a-helical character in the presence of heparin (1:0.25, 1:0.50, 
1:0.075, or 1:1). 

Peptide-PG Interactions-r-The interactions between consen- 
sus sequence peptides and PGs were also examined. For these 
experiments, total PGs were isolated from HUVEC cultures, 
because HUVECs have been shown to express a variety of types 
of HS and CS PGs, including, for example, syndecans, perlecan, 
glypican, and biglycan (28, 29). Thus, cell layer-associated and 
secreted [ 35 S]S0 4 -radiolabeled PGs were purified by extraction 
with urea, and those PGs retained on DEAE after a 0.1 m NaCl 
rinse were studied for their binding to (ARKKAAKA) 4 by ACE 
(Fig. 5A, EC PGs). This peptide exhibited significant affinity for 
secreted HUVEC PGs, although the average affinity was some- 
what weaker than that exhibited by the peptide for heparin 
(PG K d = 300 nM; heparin K d = 50 nM). Similar affinities were 
obtained for cell layer-associated PGs (data not shown). Inspec- 
tion of ACE gels in whiph secreted PGs were fractionated 
through peptides demonstrated the presence of at least two 
populations of PG evident as two distinct bands of radiolabeled 
material migrating through the peptide lanes with different 
mobilities (Fig. 5A, EC PGs). This difference in migration rate 
could indicate heterogeneity of the PG in size or charge. In 
contrast to the heterogeneity seen in Fig. 5A, Fig. 5B shows 
that heparin migrates as a single band of radiolabeled 
material. 

Thus, to ascertain which GAG chains, as well as which PG 
component (i.e. core protein, GAG chains, or both), were re- 
sponsible for peptide binding, total HUVEC PGs were sub- 
jected to various chemical and enzymatic degradations. Sam- 
ples were then tested for their ability to bind to (ARKKAAKA) 4 . 
PGs in which HS GAGs were chemically degraded by nitrous 
acid or enzymaticaily degraded by heparatinase I were able to 
maintain comparable affinity for the peptide as was displayed 
by the total PG sample (Fig. 5A, EC PGs IN A, and Fig. 6). PGs 
in which CS GAG chains were digested with chondroitinase 
ABC were also able to maintain comparable affinity for the 
peptide. Release of GAG chains from cores by borohydride 
reduction resulted in a 3-4-fold diminished affinity (Fig. 6). 
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Fig. 5. ACE analysis of the interactions between peptides con- 
taining heparin-binding consensus sequences and HUVEC PGs. 

ACE gel images as obtained by a Phosphorlmager in which EC PGs/ 
GAGs (A) or heparin (B) was fractionated through peptides. In A, at 
least two populations of high affinity PG/GAG, seen as two bands of 
radiolabeled material migrating with different mobilities, are visible at 
peptide concentrations of =550 nM. At a peptide concentration of 250 nM 
(near the K d = 300 nM), a separation of the PG/GAG species is evident 
as a broad smear throughout the lane and as a sharp band that mi- 
grates approximately half way down the lane, indicating heterogeneity 
in size, charge density, and/or peptide binding interactions of the PG/ 
GAG population. PG/GAG samples in which HS PGs have been chem- 
ically degraded by nitrous acid (EC PGs/NA) also displayed high bind- 
ing affinity (K d = 300 nM), implying that chondroitin/dermatan sulfates 
that remain in the sample bind the peptide strongly. In contrast to the 
heterogeneity seen in A, B shows that heparin migrates as a single 
broad band of radiolabeled material. 
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Fig. 6. Affinity of (ARKKAAKA) 4 for HUVEC PGs and PG com- 
ponents. The peptide was analyzed for binding affinity to HUVEC 
PGs/GAGs by ACE, and the K d values of the peptide-PG/GAG interac- 
tions were calculated from binding plots as detailed under "Experimen- 
tal Procedures." Similar affinities (~300 nM) were obtained for total 
PGs, for PG samples devoid of HS GAGs via nitrous acid treatment 
(NA) or heparatinase I digestion (H), and for PGs devoid of CS GAGs via 
chondroitinase ABC digestion (ABC). Liberation of GAG chains from 
the core protein by borohydride reduction (BH) of total PGs caused a 
3-fold reduction in affinity (K d at 1200 nM). 

DISCUSSION 

The goal of this study was to design high affinity heparin- 
and PG-binding peptides; the strategy we used was to incorpo- 
rate into their structure copies of sequences proposed to bind 
heparin in native proteins. Our approach was also based on the 
fact that truncation of peptide structure without loss of activity 
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can sometimes be achieved by constraining or manipulating 
peptide conformation (30). In the case of apolioprotein E and 
apolipoprotein B-100, heparin-binding sites are believed to 
form a-helices upon heparin binding, and molecular modeling 
illustrates that basic amino acids in the binding sites align to 
one side of the helix to form a region of high positive charge 
through which heparin binding occurs (6). Thus, in our design 
of heparin-binding peptides, we also incorporated structural 
features conducive to stable a-helicity. 

In our initial experiments, families of peptides were synthe- 
sized that contained single or multiple copies of heparin-bind- 
ing consensus sequences. When their heparin binding was ex- 
amined by ACE, peptides containing single sequences showed 
no measurable affinity for heparin. This result is as expected 
because peptides carrying single heparin-binding sequences 
found in native proteins often fail to display significant heparin 
binding (24), but they may contain multiple consensus se- 
quences that come into proximity upon protein folding or mul- 
timerization, thereby enhancing heparin binding through co- 
operativity (31). In contrast, the affinity of peptides 
(AKKARA)„ or (ARKKAAKA) n ranged from weak (K d = 6-40 
ju.m) at n = 2 to strong (K d = 50-100 nin) at n = 3-6. These 
latter affinities are in the range of those displayed by heparin- 
binding proteins such as basic fibroblast growth factor (K d = 10 
nM) or type I collagen (K d h 100-200 nM) (10). However, the 
fact that the peptides are roughly 4 times smaller than basic 
fibroblast growth factor and 100 times smaller than type I 
collagen highlights their significant heparin binding abilities. 
The affinity appeared to plateau at n a 5, or 36-40 amino 
acids, suggesting that peptides of approximately 30-32 amino 
acids were of sufficient length to occupy all available binding 
sites on low M r heparin and that additional amino acid residues 
beyond this did not contribute to heparin binding due to a lack 
of available ligand. However, this hypothesis cannot be tested 
without knowing the M T distribution of the heparin used in 
these experiments. Alternatively, one can speculate on the 
basis of coil and helix calculations that basic residue spacings 
within the peptides may account for both the increase and 
plateau in binding affinity observed for the larger peptides. The 
random walk calculations confirm that peptides of 20 residues 
are on the order of the same size as low M r heparin, with an 
average 6,000 m,, and have sufficient length to form a stable 
a-helix. Helical wheel constructions (not shown) illustrated 
that in peptides of s24 amino acids, basic residues occupy 
locations primarily to one side of the helix. The basic residues 
show three consistent spacings, estimated at approximately 
10-12-, 20-24-, and 45-;50-A separations, with uncertainty 
being introduced primarily by the assumption of an ideal 18/5 
helix. These spacings between basic amino acids could facili- 
tate binding to sulfated heparin disaccharides, based on a 5.5-A 
spacing between monosaccharide units, a distance predicted 
from spacing that occurs in CS (32). This is consistent with 
work by others who report a necessary 20-24-A distance be- 
tween basic amino acids for optimal heparin binding (9). Pep- 
tides of >36 amino acids do not exhibit a further increase in the 
number of basic residues aligning to one side of the helix in this 
10- or 20-A spacing; thus, the additional basic amino acids in 
the larger peptides may not contribute to a further increase in 
heparin binding affinity. 

Other experiments examined heparin binding by peptides 
including sequences native, to proteins that contain a single or 
partial heparin-binding consensus sequence. Results again 
suggested the critical nature of peptide M r and number of 
consensus sequences to heparin binding. Thus, surprisingly, a 
strong heparin binding affinity was displayed by a peptide 
corresponding to the mouse SG proteoglycan core protein con- 



taining a single consensus sequence, YPARRARYQWVRCKP 
(K d = 200 nM). However, the affinity was diminished over 
200-fold by disulfide reduction or replacement of the cysteine 
with alanine, thus implying that its strong heparin binding 
relies on peptide dimerization and that the other residues 
flanking the consensus sequence were of little consequence. 
Indeed, others have shown that inclusion of cysteines near 
peptide termini to promote disulfide bond formation may im- 
prove peptide-ligand binding (30); our results suggest this to be 
a simple strategy to greatly enhance the affinity of peptides for 
heparin. SG, cerebroglycan (with PRRLRL) (33), and perlecan 
(with TRRFRD) (34) are among the few PGs that contain hep- 
arin-binding consensus sequences on their core proteins. Inter- 
estingly, the SG core protein, which carries many heparin 
chains, migrates at twice its predicted molecular weight on 
PAGE gels under reducing conditions (35), suggesting dimer- 
ization. This could result from GAG chains of one PG binding to 
the core protein of another or from core-core associations 
through disulfide bonding. The potential physiological function 
of such PG-PG interactions remains to be explored. 

Additional consensus sequence peptides were designed to 
determine other aspects of peptide structure important to hep- 
arin binding. Including glycine in place of alanine in the hy- 
dropathic positions weakened heparin binding, and peptides in 
which arginine was included in all basic positions displayed 
higher affinity for heparin than did those containing arginines 
and lysines. The latter is consistent with work showing a 
higher affinity interaction of arginine-heparin and arginine-HS 
than lysine-heparin or lysine-HS (36). This suggests that the 
heparin binding characteristics of the peptides developed here 
may rely on amino acid type and arrangement in addition to 
ionic interactions. Inclusion of prolines within or between con- 
sensus sequence motifs weakened affinity for heparin, possibly 
as a result of alterations in peptide secondary conformation; 
this issue was investigated in our CD experiments. Finally, 
changing the spacing between consensus motifs weakened af- 
finity for heparin; however, sequence orientation did not ap- 
pear to influence binding ability as long as the motifs were 
contiguous and in one orientation. 

Molecular modeling of consensus sequences in native hepa- 
rin-binding proteins predicts their presence within a-helical 
regions (6). Additionally, GAG-directed conformational 
changes on polypeptides such as poly-L-lysine and poly-L-argi- 
nine have been identified (26, 37, 38). Aqueous solutions of 
these polypeptides at neutral pH were shown by CD to adopt 
charged coil conformations and to display a-helical conforma- 
tions in the presence of heparin. Our results showed that pep- 
tides of the type (AKKARA)„ have charged coil conformations 
at neutral pH. In the presence of heparin, however, a peptide 
that showed high affinity for heparin, (AKKARA) 6 , underwent 
a conformational change to an a-helix. In the presence of excess 
heparin, a further conformational change produced a random 
coil structure. In contrast, a peptide that displayed weak hep- 
arin binding, (AKKARA) 2 , failed to undergo any conforma- 
tional change. Thus, the solution conformation of a peptide and 
its propensity to change conformation in the presence of hepa- 
rin may be an indication of its ability to bind to heparin 
strongly. These data and those from experiments examining 
the effects of including prolines in peptides, which are known to 
disrupt the a-helical conformation, suggest that peptide sec- 
ondary structure facilitates heparin binding. 

Here we also examined the interaction between the high 
affinity heparin-binding peptide (ARKKAAKA) 4 and EC PGs. 
Results showed that ECs secreted several types of PGs/GAGs 
that displayed significant affinities for (ARKKAAKA) 4 {K d = 
300 nM). ACE gel images revealed the resolution of multiple 
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PG/GAG species after their migration through the peptide- 
containing lanes, suggesting heterogeneity in PG/GAG charge, 
size, and/or binding affinities. It was found that the CS PGs or 
HS PGs likely bind the peptide similarly, because affinity was 
maintained even after treatment of total PGs with nitrous acid, 
which selectively degrades HS GAGs, heparatinase I, or chon- 
droitinase ABC. The free GAG chains had 3-4-fold lower affin- 
ity than the intact PGs. Thus, the core proteins of certain EC 
PGs may either contribute to binding directly or act as a tether 
to bring multiple GAGs into proximity for cooperative binding. 
Similar observations have been made previously for cartilage 
PG-type II collagen interactions (39) and SG-type I collagen 
interactions (40, 41). Our results are inconsistent with carbo- 
hydrate sequence selectivity in the binding of these peptides 
with EC PGs, because similar affinities for peptides were dis- 
played by either total EC PGs or its CS PG fraction. 

Of note is that the heparin-binding peptides designed here 
incorporate concatamers of heparin binding consensus se- 
quences, which should rarely, if ever, appear in native proteins. 
Nonetheless, the proposed characteristics of heparin-binding 
motifs in proteins, as set forth by Cardin and Weintraub (6) 
based on their theoretical analysis of putative heparin-binding 
domains of native proteins, hold true with our model peptides. 
Thus, our data suggest that peptides containing the Cardin and 
Weintraub heparin-binding consensus sequences may show a 
selective advantage in heparin binding over certain other se- 
quences that do not fit thenr criteria. 

In summary, optimally active heparin-binding peptides 
should include multiple sequences of the types iXBBXBX) n and 
(XBBBXXBX) n . Sequence number and peptide M r are the most 
critical features; peptides should be of at least approximately 
30 residues, which could be decreased to 15 if cysteine is in- 
cluded near either terminus to promote dimerization. Peptides 
should contain contiguous sequence arrays, without interven- 
ing residues between sequences. Alanine, which stabilizes 
a-helical conformation, should occupy the hydropathic residue 
positions, and arginine should occupy the basic positions. The 
high affinity PG- or GAG-binding peptides developed here, or 
derivatives thereof, could prove useful as tools for the promo- 
tion of cell-substratum attachment of PG-expressing cells, in 
the targeting of drugs to PG-expressing cells and PG-rich ex- 
tracellular matrices, or as antagonists of GAG-mediated ac- 
tions, e.g. neutralization 'of the anticoagulant activity of 
heparin. 
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ABSTRACT Members of several families of cell surface 
and secreted proteins bind glycosaminoglycans (GAGs), the 
structurally heterogeneous polysaccharides found on proteo- 
glycans. To understand the physiological significance of the 
interactions of proteins with GAGs, it is critical that relation- 
ships between GAG structure and binding be analyzed. It is 
particularly important that interactions depending on common 
structural features of GAGs (e.g., size, charge density, and 
disaccharide repeat unit) he distinguished from those mediated 
by specific sequences of carbohydrate modification. Gathering 
the information needed to make such distinctions has so far 
been difficult, however, partly because structurally homoge- 
neous samples of GAGs are lacking but also because of 
technical difficulties associated with performing and interpret- 
ing assays of protein-GAG binding. We describe an electro- 
phoretic method useful for both measuring affinity and eval- 
uating structural selectivity in protein-GAG binding. Data are 
presented on the binding of the GAG heparin to the protease 
inhibitor antithrombin HI, the acidic and basic fibroblast 
growth factors, and the extracellular matrix protein fibro Dec- 
tin. Results obtained with fibronectin are consistent with a 
model in which high-affinity binding (tf d - 34 nM) is mediated 
through the recognition of specific carbohydrate sequences. 



Proteins that bind glycosaminoglycans (GAGs) include many 
cell adhesion molecules, glycoproteins of the extracellular 
matrix, polypeptide growth factors, secreted proteases and 
antiproteases, and proteins involved in lipoprotein uptake (1, 
2). In the tissue environments in which these proteins are 
found, GAGs are presentas side chains of proteoglycans and 
exhibit diversity in length, disaccharide composition, and 
patterns of N- and 0-su(fation. 

For most GAG-binding proteins, the relationship between 
GAG structure and bindjng affinity is poorly understood. For 
some, all that is known is that a high concentration of salt is 
required to elute them from heparin-agarose columns; some- 
times the relative abilities of GAGs of different classes (e.g., 
heparan sulfate, chondroitin sulfate, dermatan sulfate, kera- 
tan sulfate, etc.) to compete away such binding has also been 
measured (e.g., refs. 3 and 4). Those direct measurements of 
affinity that have been made have often required derivatiza- 
tion or immobilization of either protein or GAG (e.g., refs. 
5-7); such measures may inhibit (e.g., by blocking sites of 
interaction) or artificially enhance (e.g., by favoring multi- 
valent interactions) binding. Quantifying binding is also im- 
peded by the fact that most GAG-protein K a values are 
thought to be in the range of 5-500 nM, where the possibility 
of rapid dissociation kinetics argues against the use of many 
types of binding assays that involve separation and washing 
of bound complexes. In addition, measurements that have 
been made of GAG-protein affinity have usually measured 
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the average affinity of a protein for the structurally heterog- 
enous set of binding sites represented by any GAG sample. 
Selectivity of a protein for specific sequences of carbohy- 
drate modification is, therefore, not readily appreciated, 
despite the fact that such selectivity exists and is, in at least 
one case, of considerable physiological importance (8). 

Below, experiments are presented in which the principle of 
affinity electrophoresis (9) was exploited to analyze protein- 
GAG binding. The technique described is referred to as 
affinity coelectrophoresis (ACE) because both protein and 
GAG are permitted to migrate freely during electrophoresis 
(typically, in affinity electrophoresis, as in affinity chroma- 
tography, one ligand is physically immobilized). The method 
uses small amounts of material and can yield values of the 
affinity constant even when dissociation is rapid (e.g., when 
affinity is low). Experiments are presented in which ACE was 
used to identify and isolate a subpopulation of heparin 
molecules to which fibronectin binds selectively. Some of 
these data have been presented in abstract form (10, 11). 

MATERIALS AND METHODS 
Materials. Low-melting-point agarose (SeaPlaque) and 
GelBond were purchased from FMC, heparin (grade I, from 
porcine intestinal mucosa) was from Sigma, chondroitin 
sulfate (from shark cartilage) was from Fluka, bovine serum 
albumin (crystalline) was from ICN, and human plasma 
fibronectin (FN) was from New York Blood Center (New 
York). Basic fibroblast growth factor (bFGF) and acidic 
fibroblast growth factor (aFGF) were purified from bovine 
brain (12). Human antithrombin III (AT) was the generous 
gift of Robert Rosenberg (M.I.T.). J3-Nerve growth factor 
was generously donated by Randall Pittman (University of 
Pennsylvania). 

Heparin was substituted with fluoresceinamine to a level of 
15.7 ng//ig (13) and radioiodinated to a specific activity of 
110,000 cpm/ng (14). A portion of the 125 I-labeled fluoresce- 
inamine-heparin ( 125 I-F-heparin) was fractionated by gel fil- 
tration [on Sephadex G-100 in 50 mM sodium 3-(N- 
morpholino)-2-hydroxypropanesulfonate) (Mopso), pH 7.0/ 
125 mM sodium acetate] and the last 10.8% of the radioactive 
material to elute (0.57 < K„ < 0.76) was pooled as a low 
molecular weight (LMW) fraction. This fraction was esti- 
mated to contain heparin chains of M r £6000 (3, 15-18). 

Electrophoretic Analysis of Binding. Low-melting-point 
agarose (1%) was prepared in either of two electrophoresis 
buffers: 50 mM sodium Mopso, pH 7.0/125 mM sodium 
acetate/0.5% 3-[(3-cholamidopropyl)dimethylammonio]-l- 



Abbreviations: ACE, affinity coelectrophoresis; aFGF and bFGF, 
acidic and basic fibroblast growth factor, respectively; AT, anti- 
thrombin III; CHAPS, 3-[(3<holamidopropyl)duiiethylammoriio]-l- 
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molecular weight; Mopso, 3-(Af-morpholino)-2-hydroxypropane- 
sulfonic acid. 
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Fig. 1. Schematic representation of a gel before and after elec- 
trophoresis. Proteins are cast at various concentrations into nine 
rectangular zones within an agarose gel (A); the dark line at top 
represents a slot into which labeled GAG is introduced. During 
electrophoresis, GAGs migrate through the rectangular zones but are 
slowed by binding to proteins. This produces a series of peaks (£), 
from which an affinity constant may be derived (see text). 

propanesulfonate (CHAPS) (buffer A) or 50 mM sodium 
Mopso, pH 7.0/125 mM NaCl/0.5% CHAPS (buffer B). A 
Teflon comb consisting of nine parallel bars, each 45 x 4 x 
4 mm and held rigidly together with a spacing of 3 mm 
between bars, was placed onto GelBond film fitted to a 
Plexiglas casting tray (75 x 100 mm) with the long axis of the 
bars parallel to the long dimension of the tray. A Teflon strip 
(66 x 37 x 1 mm) was stood on edge with its long dimension 
parallel to the short dimension of the casting tray, at a 
distance of 4 mm from one edge of the Teflon comb. Tabs 
extending from the Teflon strip enabled it to be held upright 
by tape affixed to the casting tray. Typically, 19 ml of agarose 
were poured hot (>70°C) to achieve a cooled gel =4 mm 
thick. Removal of the comb and strip resulted in a gel 
containing nine 4 x 45 mm rectangular wells adjacent to a 66 
x 1 mm slot (Fig. L4). 

Protein samples (typically 350 £il) were prepared in elec- 
trophoresis buffer at twice the desired concentrations. Sam- 
ples were mixed with an equal volume of melted 2% (wt/vol) 
agarose at 37°C, pipeted into the appropriate rectangular 
wells, and allowed to gel. After submerging a protein-loaded 
gel in the electrophoresis chamber (Hoefer SuperSub) con- 
taining buffer minus CHAPS, =190 nl of 123 I-F-heparin [4 
ng/ml in electrophoresis buffer containing 0.5% bromphenol 
blue and 6% (wt/vol) sucrose] was added to the 66 x 1 mm 
slot. 

Typically, electrophoresis was performed at 60-70 V (2- 
2.4 V/cm) for 0.75-2 hr, with currents of =330 mA (in buffer 
A). Buffer was recirculated, and a flow of cold tap water 
through the coolant ports' of the apparatus was used to 
maintain buffer temperature at 20-25°C. Endpoints were 
determined by the position of the bromphenol blue, which 
migrated about half as rapidly as heparin. Gels were air-dried 
and autoradiographed against preflashed film at -80°C. In 
some experiments, 125 I-F-hpparin was recovered from gels by 
electroelution in 0.75 mM ^JaOAc/0.25 mM sodium Mopso, 



pH 7, concentrated 2-fold using a SpeedVac evaporator 
(Savant), and retested for binding using ACE. 

RESULTS 

Demonstration of Protein-GAG Binding. At neutral pH, the 
electrophoretic mobilities of most proteins are much lower 
than those of GAGs. Consequently, the binding of proteins to 
GAGs should, in most cases, retard GAG electrophoresis. To 
determine whether this effect could be exploited to quantify 
protein-GAG binding, a method was devised for electro- 
phoresing labeled GAGs though zones containing multiple 
protein samples. Briefly, special combs were used to create 
agarose gels of the configuration shown in Fig. L4. The long 
rectangles represent wells into which proteins in molten 
low-gelling-temperature agarose (at 37°C) could be intro- 
duced and allowed to gel. The dark line at the top of Fig. L4 
indicates where samples of labeled GAGs were introduced. 
The position of the anode is at the bottom. Fig. IB presents 
the expected experimental results when the nine wells con- 
tain a single GAG-binding protein at a series of concentra- 
tions decreasing from left to right: at sufficiently high protein 
concentrations, migration of the GAG front (thick black line) 
is retarded in a dose-dependent manner. The protein-free 
spaces between the wells facilitate measurement of the 
changes in mobility associated with each protein concentra- 
tion. 

Fig. 2A shows that the predicted pattern was indeed 
obtained when m I-F-heparin was electrophoresed at neutral 
pH and physiological ionic strength through zones containing 
a known heparin-binding protein, bFGF. In response to 
bFGF concentrations of up to 35 nM, heparin mobility was 
reduced up to 88%. The effect was specific, in that even much 
higher concentrations of nerve growth factor (a protein of 
similar size and isoelectric point to bFGF) had no effect on 
125 I-F-heparin mobility (Fig. IB). 

An assumption made in predicting the simple pattern 
shown in Fig. IB was that all heparin molecules behave more 
or less identically. The data in Fig. 2 A and B support this 
assumption. In contrast, experiments performed with a dif- 
ferent heparin-binding protein, AT, illustrate the type of 
pattern that can result when heparin molecules do not behave 
identically (Fig. 2C). In this case, the migrating heparin front 
was split by AT into two distinct fronts, one of which was 
progressively slowed by AT concentrations &5 nM, whereas 
the other was shifted only slightly by AT at 1 /tM. The same 
result was obtained with a size-selected LMW fraction of 
125 I-F-heparin (Fig. ID). A large excess of unlabeled heparin 
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Fig. 2. (A-D) Autoradiographs of gels in which 125 I-F-heparin was electrophoresed through zones containing bFGF (A), B-nerve growth 
factor (B), and AT (C and D). Protein concentrations are in nM. (B and D) Size-selected LMW heparin was used. (E) Inhibition of binding of 
^I-F-heparin to AT by unlabeled heparin. In this experiment, a gel was cast with three sample slots, each opposite three of nine rectangular 
zones. Equal amounts of 125 I-F-heparin were introduced into each slot. In the central slot, unlabeled heparin (1 mg/ml) was mixed with the labeled 
sample; in the slot at right, unlabeled chondroitin sulfate (1 mg/ml) was added. Concentrations of AT are in nM. (F) Recovery and analysis 
of heparin with high and low affinity for AT. A set of three sample slots was prepared as in E. Into the slot at left was loaded material isolated 
from LMW 125 I-F-heparin that had previously migrated through AT-containing agarose without retardation (lanes Low-Aff.). Material that bad 
been retarded by AT was isolated and loaded in the central slot (lanes High-Aff.). Control ^I-F-heparin was loaded in the slot at right. 
Concentrations of AT are shown in nM. 
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readily blocked the effects of AT on heparin mobility, but an 
equal concentration of chondroitin sulfate did not (Fig. IE). 

These results fit with what is known about the properties 
of AT, one of the most studied GAG-binding proteins: AT 
binds a subset of heparin molecules, with subtleties of 
carbohydrate sequence, rather than heparin chain length, 
providing the basis for selectivity (19). To confirm that the 
two heparin fronts observed in ACE gels containing AT 
actually result from the fractionation of heparin into distinct 
species with different binding properties, a gel similar to the 
one shown in Fig. ID was electrophoresed and pieces of 
agarose were cut out of locations where the two heparin 
fronts were well separated- The pieces were then melted, and 
their contents were retested for binding to AT. The results 
(Fig. IF) confirm that separable fractions of heparin account 
for the pattern in Fig. 2D. 

Measurement of Binding Affinity. In general, heparin's 
mobility in any protein-containing environment should be the 
average of the mobilities of protein-bound heparin and free 
heparin, weighted according to the fraction of time that 
heparin molecules spend in the bound and free states. To 
quantify protein-induced shifts in mobility, it is convenient to 
introduce a unitless number, the retardation coefficient R [R 
= (M 0 - M)/M a , where M a is the mobility of free heparin and 
M is heparin's observed mobility through a protein- 
containing zone]. Provided that heparin and protein form a 
1:1 complex, R at any protein concentration should be 
proportional to the amount of heparin bound. Moreover, if R„ 
is taken to represent the value of R seen at full saturation (i.e., 
at an arbitrarily high concentration of binding protein), then 
R/R„ should be equivalent to the fractional saturation. Ac- 
cordingly, experimental values of R should vary with protein 
concentration according to the Scatchard equation; specifi- 
cally, a plot of fl/tproteinjfree vs. R should yield a straight line 
with a slope of -1/Kd and a y intercept of RJK A . If the 
concentration of heparin; is small compared to plotting 
rt/[protein] tou i vs. R should yield the same plot. 

Two such plots are shown in Fig. 3. The data for bFGF 
binding to LMW heparin (Fig. 2A) fit a line implying a K a of 
2 nM. For AT binding to LMW heparin, values of R obtained 
from Fig. 2D also fit a line, implying a K d of 16 nM (Fig. 3B). 
Straight lines also fit the data obtained for the binding of 
unfractionated heparin tp bFGF and AT, and for the binding 
of heparin to aFGF and serum albumin (data not shown). 
These findings are summarized in Table 1. Results with two 
buffer systems that differed in their major anion (chloride vs. 
acetate) did not differ significantly. 

Characterization of Heparin Binding to FN. FN is a major 
glycoprotein of the extracellular matrix and a component of 
plasma (20, 21). FN binds heparin and heparan sulfate (3, 22, 
23), whereupon alterations in its structural properties and 
ability to bind other molecules can be detected (e.g., refs. 
24-26). Recent evidence indicates that the attachment of 
epithelial cells and fibroblasts to FN is mediated, in part, by 
cell surface heparan sulfate (27, 28). 
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Fig. 3. Graphic analysis of binding of bFGF to LMW heparin (A) 
and binding of AT to the high-affinity fraction of LMW heparin (£). 
The lines drawn imply K d values of 2 nM for bFGF and 16 nM for AT. 



Plasma FN, a disulfide-linked dimer, is eluted from heparin- 
Sepharose between 0.3 and 0.5 M NaCl (29). Two distinct 
heparin-binding fragments of FN have been identified and 
mapped. Yamada et al. (3) used a filter-binding assay to 
measure the binding of [ 3 H]heparin to FN and obtained a 
biphasic Scatchard plot, suggestive of two component affini- 
ties (Ki values of 4.2 nM and 110 nM), but were unable to 
determine whether their data reflected differences in the 
affinity of heparin for two distinct sites on FN or the presence 
of subspecies of heparin that bind FN with different affinities. 
In addition, values of K d were derived assuming that heparin 
molecules contain only one binding site for FN. This assump- 
tion may not be valid, especially given that particularly long 
heparin chains (average Af r , 12,000) were used in that study 
(3). 

Analysis of the heparin-FN interaction by ACE is shown 
in Fig. 4A. At high FN concentrations, LMW ^I-F-heparin 
was observed to shift to a single very low mobility, implying 
that essentially all heparin molecules bind FN. At somewhat 
lower FN concentrations, however, the labeled material 
migrated not as a discrete band but as a diffuse smear. It 
seemed likely that this smear represented the fractionation of 
individual heparin molecules according to differences in 
affinity for FN. 

To test this possibility, LMW 125 I-F-heparin was electro- 
phoresed through a single zone of 125 nM FN. The gel was 
then cut transversely into segments, and fractions were 
pooled representing the leading 26% of the 12J I-F-heparin 
(pool 1, "weakly retarded heparin") and the trailing 26% (pool 
2, "strongly retarded heparin"). The samples were heated to 
100°C for 10 min (to denature FN) and labeled heparin was 
recovered by electroelution. The resulting material was 
retested for binding to FN. As shown in Fig. 4 B and C, the 
ACE patterns for pools 1 and 2 were distinctly different from 
each other and considerably less diffuse than those of the 
starting material. 

Graphical analysis of the patterns in Fig. 4 B and C is shown 
in Fig. 5. The data from pool 1 yield a linear plot, suggesting 
a K A of 640 nM. Pool 2 yields an apparently discontinuous 
plot — two line segments with similar slopes (implying K A 
values of 32 and 36 nM). Examination of Fig. 4C indicates 
how the result for pool 2 arises: with increasing FN concen- 
tration, heparin's mobility decreases, levels off at R = 0.5, 



Table 1. Measurement of protein affinities for heparin and 
LMW heparin 



Protein 


Heparin 


Ki, nM 


bFGF 


Unfractionated 


2.2 




LMW 


2.0 




LMW 


3.1* 


AT 


Unfractionated, HA 


11 




LMW, HA 


16 




LMW, HA 


12* 




Unfractionated, LA* 


-6000 


aFGF 


LMW 


91 


Plasma FN 


LMW, HA* 


34 




LMW, LA* 


640 


Nerve growth factor 


LMW 


>600« 


Serum albumin 


LMW 


4300 



Measurements were made in buffer A except for those indicated by 
an asterisk, which were made in buffer B. HA and LA refer to 
strongly retarded (high affinity) and weakly retarded (low affinity) 
fractions, respectively, as isolated from ACE gels (see text). As 
described in the Discussion, correct values of Ka for bFGF may be 
lower by as much as 0.8 nM. 

^Estimated from data in Fig. 2C and the assumption that for 
low-affinity heparin will be the same as that observed for high- 
affinity heparin. 

*From the experiment described in Figs. 4 and 5. 
'Highest concentration tested. 
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Fig. 4. Analysis of heparin-FN binding. (A) Electrophoresis of 
125 I-F-heparin through zones containing FN (concentrations in nM, 
based on a molecular weight of 440,000). In contrast to the examples 
in Fig. 1, the migrating heparin front becomes broadly smeared at 
protein concentrations between 50 and 500 nM. (B and C) After 
electrophoresis of ^I-F-hepann in the presence of 125 nM FN, the 
26% of labeled material that was retarded least (pool 1) and the 26% 
of labeled material that was retarded most (pool 2) were recovered 
by electrocution and retested for binding to FN. The patterns 
produced by pool 1 (B) and pool 2 (C) are distinctly different. 

and then shifts again, leveling off at R *= 0.8. This behavior 
is most easily explained by the known tendency of FN to 
self-aggregate when concentrated (see ref. 30). Thus, the first 
shift (to R ~ 0.5) may represent saturation of heparin by 
single FN molecules, whereas the second shift (to R » 0.8) 
reflects aggregation of FN molecules into oligomers (which, 
being larger, more strongly retard heparin's mobility). In 
support of this view, studies in which trace amounts of 
125 I-labeled FN were electrophoresed in the presence of 
unlabeled FN showed that the mobility of FN in 2% agarose 
undergoes a concentration-dependent decrease (consistent 
with aggregation) in the expected range (10-200 nM) (unpub- 
lished observations). 

Thus the data in Figs. 4 and 5 indicate that LMW heparin 
is heterogeneous and that classes of heparin molecules that 
differ by as much as 20-fold in affinity for FN can be isolated. 
To test whether this difference in affinity depends on heparin 
size (chain length), pools 1 and 2 were compared by gel 
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Fig. 5. Graphic analysis of data in Fig. 4 B and C. Weakly 
retarded heparin (•) yields a linear plot implying a value of 640 
nM. Strongly retarded heparin (□) yields a discontinuous plot with 
two line segments that imply Ki values of 32 nM and 36 nM. The 
discontinuity apparently reflects oligomerization of FN at high 
concentrations (see text). 
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filtration on Sephadex G-75 in 10 mM Mopso, pH 7.0/125 
mM sodium acetate/4 M urea. The size distributions of 
molecules in pools 1 and 2 were largely overlapping, with 
those of pool 1 being slightly smaller (K„ = 0.250) and those 
in pool 2 slightly larger (K tv = 0.162) than the LMW heparin 
from which both pools were derived (K„ = 0.235) (data hot 
shown). To assess whether the molecules in pools 1 and 2 
differed greatly in charge density (a reflection of the degree 
of sulfation), their electrophoretic mobilities in 1% agarose 
(containing no binding proteins) were compared. The mobil- 
ities obtained for the two pools were identical: 5.6 ± 0.03 X 
10-* m 2 /V-s for pool 1 and 5.6 ± 0.05 X 10 -8 m 2 /V-s for pool 
2 (in buffer A at 25°C). 

DISCUSSION 

We report here the development of an affinity-electro- 
phoretic technique, ACE, for studying GAG-protein inter- 
actions. Binding is measured at physiological pH and ionic 
strength and under conditions in which interacting molecules 
are freely mobile. ACE can in principle be used to measure 
binding between any two macromolecules, provided that the 
complex they form has an electrophoretic mobility different 
from that of at least one of its components. In practice; this 
difference should be large enough that distances migrated by 
bound and free ligand are distinguishable within reasonable 
time. In some of the experiments described above, it was 
possible to achieve sufficient separations with electrophore- 
sis of the GAG front through only 20 mm of gel; in no 
experiment was electrophoresis through >50 mm necessary. 
These distances required short electrophoresis times at mod- 
est field strengths (e.g., 2.4 V/cm for 1-2 hr). Also, because 
electrophoresis was carried out in a gel of small width and 
height, little material was required. For example, to measure 
binding of heparin to AT in Fig. IE, only 400 pmol of protein 
and 75 fmol of GAG were used. Considering that ACE can 
measure affinities when dissociation rates are fast and that 
other techniques for doing so [e.g., equilibrium gel filtration 
(31, 32)] can require large amounts of material, the sensitivity 
of ACE seems particularly good. 

Accurate determination of affinity constants using ACE 
requires that the following conditions be met. (/) The radio- 
labeling of one component should not affect binding. (/"/') The 
physical properties of the gel should not affect binding. (Hi) 
The kinetics of association and dissociation should be rapid 
compared to the time of electrophoresis. In the experiments 
reported here, heparin was substituted with <1 fluorescein- 
amine per molecule and radioiodinated (14); the possibility 
that labeling interfered with binding is argued against by ACE 
experiments on the binding of intact proteoglycans (labeled 
by protein radioiodination) to FN and the binding of heparan 
sulfate (metabolically labeled) to AT, which have yielded 
results similar to those reported here (ref. 11; T. Kojima, G. 
Marchildon, and R. Rosenberg, personal communication). 
Also, electrophoresis was performed using a highly porous 
matrix (1% agarose) to minimize effects of sieving on mo- 
lecular interactions, and electrophoresis times were long (1-2 
hr) compared with likely kinetic constants. 

As shown in Figs. 3 and 5, it is convenient to analyze ACE 
data by plotting /{/[protein],,,^ vs. R and to obtain an 
apparent value of K a from the slope. Strict validity of this 
procedure has the following three requirements. 

(i) Concentration of GAG Is Much Less Than the K t . Use of 
the total, rather than the free; concentration of protein in the 
Scatchard equation is convenient, because it does not require 
the concentration of labeled heparin to be known accurately. 
This substitution is valid as long as the total concentration of 
heparin is sufficiently low. Otherwise, deviations from lin- 
earity at low values Of R will occur, leading to a possible 
overestimation of K a (by an amount no greater than the 
heparin concentration itself). The results in Table 1 were 
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obtained using heparin at 4 ng/ml, which for LMW heparin 
chains (estimated M r , 5000-6000) is equivalent to 0.7-0.8 nM 
(for unfractionated heparin, the molar concentration would 
be lower). At this heparin concentration, the K A values in 
Table 1 should be reasonably accurate with one exception: 
For the binding of bFGF to LMW heparin, the measured K A 
of 2.0-3.1 nM should probably be revised to 1.2-2.4 nM. 

(if) Mobilities of GAG—Protein Complexes Are Independent 
of Protein Concentration. The assertion that the retardation 
coefficient R is proportional to the fractional saturation of 
GAG by protein assumes that the GAG-protein complex has 
a single fixed mobility. In some cases this may not be true, 
as results obtained with FN illustrate. Because of protein- 
protein interactions, mobility of the heparin-FN complex is 
lower at high FN concentrations than at low FN concentra- 
tions, giving rise to a nonlinear Scatchard plot (Fig. 5). 

(«i) GAGs Are Not Multivalent. The binding of a second (or 
third, etc.) protein molecule to a GAG is not likely to produce 
as large a change in mobility as the binding of the first. 
Accordingly, if GAGs are multivalent, ACE data will tend to 
emphasize the behavior of the first site to saturate. If multiple 
sites of equivalent affinity are present, the Scatchard plots 
obtained may, for statistical reasons, be nonlinear and pos- 
sess slopes that lead to an underestimation of the intrinsic K a 
of the binding sites (by a factor hot exceeding the number of 
binding sites). A more detailed treatment of the effects of 
multivalency and proteinrprotein interactions on ACE pat- 
terns will be presented elsewhere (unpublished results). 

In this study, measurements were made of the affinity of 
several proteins for heparin. Where prior information on 
affinity is available, it agrpes reasonably well with the results 
presented here. For example, affinity chromatographic stud- 
ies of heparin binding to AT indicate that two populations of 
heparin exist, one with high affinity and one with low affinity, 
and that the latter species is more abundant in commercial 
preparations of heparin (8, 33); the data in Fig. 2 E and F 
imply both of these statements. The values reported in 
Table 1 for the binding of heparin to AT are within or close 
to the range of values that have been published by others, 
namely, 12.5-100 nM for the high-affinity fraction of heparin 
and 20-100 fiM for the low-affinity fraction (5, 8, 16). 
Methodological differences or differences in the ionic com- 
position of buffers may account for the ranges of values. 

For bFGF, the values in Table 1 agree reasonably well with 
affinities reported for the binding of this growth factor to cell 
surface heparan sulfate, namely, 0.5 nM (34) and 2 nM (35), 
especially if the values in Table 1 are corrected as described 
above. The affinity of 91 nM obtained with aFGF is consis- 
tent with the fact that the binding of this growth factor to 
heparin-agarose is apparently weaker than that of bFGF (36). 

For FN binding to heparin, ACE analysis uncovered 
evidence of selective binding of FN to subpopulations of 
heparin molecules. Although classes exhibiting two distinct 
Ki values were identified, they were derived from the 52% of 
heparin molecules that were either most strongly or most 
weakly retarded; therefore, it is possible that molecules with 
intermediate affinities were also present. When heparin sub- 
populations binding strongly and weakly to FN were com- 
pared, no difference in overall charge density was detected. 
Strongly binding heparin molecules were, however, slightly 
larger on average than weakly binding ones. These are 
precisely the properties expected if high-affinity binding to 
fibronectin is mediated by one or more specific rare carbo- 
hydrate sequences. A slightly larger size for high-affinity 
molecules is predicted on statistical grounds, as rare se- 
quences are expected to be most common on long chains (15). 
Indeed, the same phenomenon has been observed with AT: 
fractionation of heparin populations by their affinity for AT 
produces a high-affinity fraction with an average size slightly 
larger than the low-affinity fraction (15, 16) despite the fact 



that the binding of AT is mediated by a specific short 
carbohydrate sequence (19). 

If, as the data presented here suggest, FN recognizes 
specific carbohydrate sequences on heparin, it will be im- 
portant to investigate the binding of FN to heparan sulfates, 
which bear the same carbohydrate modifications as heparin 
but which are widely distributed in vivo. Interestingly, large 
differences have been reported in the degree to which 
heparan sulfates from different sources bind FN (e.g., refs. 3 
and 37). These results raise the possibility that cells, by 
controlling specific steps in GAG modification, could mod- 
ulate their ability to use heparan sulfate as a cell-surface 
receptor for FN (27, 28). 

We thank Dr. R. Rosenberg (M.I.T.).for many helpful discussions 
during the development of this method and for the generous gift of 
AT. This work was supported by National Institutes of Health Grant 
NS26862. M.K.L. was supported in part by the Undergraduate 
Research Opportunities Program of M.I. T. 
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THE LIST OF PEPTIDE GROWTH REG- 
ulators has been expanding rapidly. 
These factors participate in various 
physiological and pathological conditions, 
such as cellular communication., growth and 
development, embryogencsis, : immune re- 
sponse, hematopoiesis, cell survival and dif- 
ferentiation, inflammation, tissue repair and 
remodeling, atherosclerosis, and cancer (1). 
The isolation, characterization, and mecha- 
nism of action of regulatory faaors for 
growth and differentiation are of current 
interest because of the potential use of such 
regulatory factors in the diagnosis, progno- 
sis, and therapy of neoplasia and because of 
what these factors reveal a^out the basic 
mechanism of normal cellular proliferation 
and the unrestrained growth pf cancer cells. 
Wc have recently reported the isolation of a 
novel glycoprotein termed amphiregulin 
(AR), which inhibits growth of A431 hu- 
man epidermoid carcinoma and other hu- 
man tumor cells and stimulates proliferation 
of human fibroblasts and other normal and 
tumor cells (2). AR was isolated from se- 
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rum-free conditioned medium of MCF-7 
human breast carcinoma cells that had been 
treated with 12-O-tetradecanoylphorbol- 
13-acetate (2). We now report the complete 
amino acid sequence of amphiregulin and 
compare its biological properties with those 
of the other members of the epidermal 
growth factor (EGF) family proteins. 

AR was purified to homogeneity as de- 
scribed (2). The homogeneous AR was used 
for all the chemical and biological studies 
reported here. The amino acid sequence of 
human AR (Fig. 1) was determined by 
automated Edman degradation of N-glycan- 
ase-treated, reduced, and S-pyridylethylated 
AR (NG-SPE-AR) and of peptide frag- 
ments obtained by cleavage of NG-SPE-AR 
with various endopeptidases. The carboxyl- 
terminal analysis of NG-SPE-AR was per- 
formed with carboxypeptidase P (Penicillium 
janthinellum). The ammo-terminal analysis 
of NG-SPE-AR revealed the presence of 
two sequences, one starting at residue 1, 
serine, and the other starting at residue 7, 
valine (Fig. 1). The yield of the larger form 
of AR was about 20% of that of the truncat- 
ed form. The larger AR thus contains six 



additional amino acids at the amino terminal 
of the truncated form of AR. The larger 
form of AR and the truncated AR are single 
chain polypeptides of 84 and 78 residues, 
with a calculated molecular weight of 9759 
and 9060, respectively (Fig. 1). Both forms 
of AR have a similar carboxyl-terminal se- 
quence as determined by carboxypeptidase P 
cleavage (Fig. 1), and both are biologically 
active. 

The sequence of AR was compared with 
all proteins in the National Biomedical Re- 
search Foundation database (release 15, 
containing 6796 protein sequences), Genet- 
ic Sequence Data Bank (Bolt Beranek and 
Newman, Los Alamos National Laboratory; 
release 54) and the European Molecular 
Biology Laboratory DNA sequence library 
(release 13). These computer-aided searches 
revealed that AR is a novel protein and a 
member of the EGF family. This family 
includes EGF (mouse, human, and rat) (3- o 
5), transforming growth factor-a (TGF-ot) ° 
(6, 7), and poxvirus growth factors [vaccinia ^ 
(VGF), myxoma (MGF), and Shope fibro- 
ma (SFGF)] {8-10). Tissue-type plasmino- g, 
gen activator (11), the mammalian clotting ^ 
factors IX and X (12), the low-density lipo- c 
protein receptor (13), bovine protein C (14), ^ 
human proteoglycan core protein (15), o 
product of Drosophila notch gene (16), prod- o> 
uct of Hn 12 gene (17), the product of cell £ 
lineage-specific gene of sea urchin Strongylo- o 
centrotus purpuratus (18), cytotactin (19), and § 
product of Pfs gene of Plasmodium falciparum o 
(20) also contain EGF-like domains. Align- |j 
ment of AR structure with the structure of > 
EGF-like growth faaors and with other ^ 
members of EGF-like proteins (Fig. 2) re- 2 
veals that AR, like other members of the ^ 
family, contains the hallmark six essential .g 
cysteine residues, maintains conservation of g 
cysteine residue spacing in the pattern c 
CX 7 CXaCX 1 0 CX 1 CXgC, and also contains | 
some of the charaaeristic and conserved O 
amino acids. AR falls between the members 
of the growth faaor family that look like 
EGF and TGF-ct and those that look like the 
poxvirus-encoded growth factors (MGF and 
SFGF), especially in the use of asparagine. 
The ammo-terminal sequence of AR has 
some analogy with the ammo-terminal se- 
quences of the TGF-a's (6, 7), VGF (8), and 
MGF (9) in that it is rich in prolines, serines, 
and threonines and, like TGF-ot and VGF, 
has potential N-linked glycosylation sites as 
well as the possibility for O-linked glycosyla- 
tion in the region rich in serines, threonines, 
and prolines. Unlike MGF and SFGF, AR 
does not have any potential glycosylation 
site within the growth faaor domain of the 
molecule. On the basis of homology with 
mouse EGF (3) and perfea alignment of six 
cysteine residues, one would ex pea the pres- 
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The complete amino acid sequence of amphiregulin, a bifunctional cell growth 
modulator, was determined. The truncated form contains 78 amino acids, whereas a 
larger form of amphiregulin contains six additional amino acids at the amino-terminal 
end. The amino-terminal half of amphiregulin is extremely hydrophilic and contains 
unusually high numbers of lysine, arginine, and asparagine residues. The carboxyl- 
terminal half of amphiregulin (residues 46 to 84) exhibits striking homology to the 
epidermal growth faaor (EGF) family of proteins. Amphiregulin binds to the EGF 
receptor but not as well as EGF does. Amphiregulin fully supplants the requirement 
for EGF or transforming growth faaor-a in murine keratdnocyte growth, but it is a 
much weaker growth stimulator in other cell systems. 
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ence of three intrachain disulfide bonds in 
AR involving cysteine residues 46 and 59, 
54 and 70, and 72 and 81. 

AR is an extremely hydrophilic protein, 
especially the amino-tcrminal half of the 
molecule up to residue 45. A 23-amino acid 
stretch from residue 23 through 45 contains 



only five different amino acids (ten lysines, 
four arginines, four asparagincs, three pro- 
lines, and two glycines). A tetrapeptide Arg- 
Lys-Lys-Lys is repeated twice (residues 26 
to 29 and 40 to 43) in AR. Such sequences 
have been reported to serve as a nucleus 
targeting signal {21). The hydropathy pro- 
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Fig. 1. Amino acid sequence of AR and schematic outline of the data supporting the sequence. The 
sequence of unfragmentcd NG-SPE-AR is denoted by N.T. Peptides obtained by cleavage with 
endopeptidase-Lys-C (K), with endopeptidase-Arg (R), and with cndopcpudasc-Glu, Staphylococcus 
aureus V8 protease (E) are indicated. CPP denotes the carboxyl-terminal sequence determined by 
digestion of AR with carboxypeptidasc P. Residues identified with Edman degradation or by amino 
acid analysis are indicated by lines. Vertical bars show beginnings and endings of fragments. Lines 
without two vertical bars indicate incomplete sequences; j indicates the start of truncated AR; and * 
indicates potential glycosylation site. AR was reduced with 2-mercaptoethanol and alkylated with 4- 
vinylpyridine. SPE-AR was purified by reversed phase high-performance liquid chromatography (rp- 
HPLC). SPE-AR was treated with N-glycanase to remove N-linked oligosaccharides, and NG-SPE-AR 
was purified by rpHPLC. NG-SPE-AR was cleaved with various endopeptidases, and the resulting 
peptides were separated by an rpHPLC Q column. Peptide sequences were determined with an 
Applied Biosystems model 475 A gas-phase sequencer. Identification of phenylthiohydantoin amino 
acid derivatives was carried out, on line, on a model 120A analyzer (Applied Biosystems). For carboxyl- 
terminal analysis, NG-SPE-AR was incubated with CPP, portions were withdrawn at various times, and 
the reaction was terminated. Released amino acids were derivatized with phenyl isothiocynate and 
phenylthiocarbamyl amino acid dcrivates were analyzed and quantitatcd by using micro amino acid 
derivatizer and analyzer (Applied Biosystem, model number 420-A0-03). 



file of AR exhibits litde similarity with those 
of the other members of the EGF family. 

The binding properties of AR were com- 
pared with those of mouse EGF in radio- 
receptor assays (Fig. 3A). AR inhibited the 
binding of I2 T-labeIed EGF to A431 cells as 
well as to A431 plasma membranes. A 50% 
inhibition of 125 I-EGF binding to fixed cells 
and membranes was seen at about 1.1 and 
1.8 nM EGF, respectively, whereas a 50% 
reduction in EGF binding to cells and mem- 
branes was seen at approximately 1.8 and 
5.7 nM AR, respectively. Unlabeled EGF 
completely inhibited the 125 I-EGF-receptor 
interaction at higher concentrations in both 
systems (Fig. 3A). However, the maximum 
competition with AR was 75% and 50% for 
binding to cells and membranes, respectively 
(Fig. 3A). The competition curves for AR 
were not parallel to that seen with EGF. 
These results suggest that AR has a lower 
affinity for EGF receptors on A431 cells 
than docs EGF itself. Structural differences 
between AR and EGF might explain the 
binding data shown in Fig. 3. It is also 
possible that AR might have its specific 
receptor closely related to the EGF receptor. 

EGF or TGF-a induce anchorage-inde- 
pendent growth of rat kidney cells NRK- 
SA6 in the presence of TGF-fJ (22). EGF 
induced anchorage-independent growth of 
NRK cells in a dose-dependent manner in 
the presence of TGF-0, whereas AR was 
found to be a noninducer of colony forma- 
tion in soft agar of NRK cells (Fig. 3B). The 
continued growth of a murine keratinocyte 
cell line, Balb/MK, is dependent on EGF or 
TGF-a (23). Balb/MK cells did not prolifer- 
ate in the absence of AR or EGF. However, 
these cells proliferated equally well in the 
presence of AR or of EGF (Fig. 3C). Thus, 
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Fig. 2. Alignment of AR sequence with other EGF-like proteins. Amino 
adds are represented by standard one-letter symbols (24). Only residues 
appearing in eight or more proteins arc boxed Hyphens indicate gap 
introduced to maximize homology. Dots at the beginning and the end of 



sequences indicate the use of only partial sequence of a given protein. 
Numbers at the beginning of every sequence indicate the number of amino 
arid residues within the total protein sequence; I , beginning of the 
sequence of the truncated form of AR; and *, potential glycosylation site. 
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Fig. 3. (A) Competition of l25 I-EGF binding to 
the fixed A431 cells (solid symbols) or A431 
plasma membranes (open symbols) by murine 
EGF and AR. EGF was radioioiiinated with 125 I 
as described (25). The binding assays were per- 
formed either in 48-well tissue culture plates 
when Formalin-fixed A431 cells were used as 
described (26) or by immobilizing plasma mem- 
branes onto 96-well polyvinyl chloride) plates as 
described (27). The binding assays used 4 ng of 
125 I-labcled mouse EGF per milliliter, containing 
-1.9 x 10 5 dpm. Samples of 100 and 50 p,l were 
used per well for assays with fixed cells and 
membranes, respectively. Circles indicate EGF, 
and triangles indicate AR. (B) Effect of EGF and 
AR on NRK.-SA6 cell colony formation in soft 
agar in the presence of TGF-0 (1 rig/ml). A 0.38- 
ml base layer of 0.5% agar (Agar Noble, Difco 
Laboratories, Detroit) in Dulbecco's minimum 
essential medium containing 10% .heat-inactivat- 
ed fetal bovine scrum (FBS) was added to 24-well 
Costar tissue culture plates. A 0.3% agar (0.38 
ml) containing the same medium-FBS mixture, 
6 x 10 3 to 12 x 10 3 test cells, and the factors to 
be tested were overlaid on the bas^l layer of agar. 
The plates were incubated at 37°C in the humidi- 
fied atmosphere of 5% CQ 2 in air. Colonies were 
enumerated unfixed and unstained, and the num- 
ber of colonies was scored between days 7 and 10. 
Colonies were defined as a cluster of at least eight 
cells. Circles, EGF; and triangles, AR. (C) Effect 
of AR and EGF on the growth of murine keratin- 
ocytcs. Balb/MK cells were plated at 1 x lO* cells 
per well in 1 ml of low calcium medium (23) in 
24-well Costar plates (area ~2 cm 2 per well) and 
incubated overnight at 37°C. Then media were 
removed and replaced with 1 ml of medium 
containing various concentrations of AR or EGF 
in triplicate. The control wells received only medi- 
um without any AR or EGF. Plates were incubat- 
ed at 37°C for 4 days, then medium was removed, 
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wells were rinsed two times with 1 ml of phosphate-buffered saline, and the cells were detached with 
trypsin-EDTA and counted. Circles, EGF; and triangles, AR. 



AR can supplant the EGF requirement in 
these cells. These results indicate that, like 
EGF and TGF-a, AR acts as a growth 
stimulator, but is much weaker on some cells 
(normal rat kidney) and comparable on oth- 
ers (murine keratinocytes). 

Available structural data should allow 
studies on the cloning, structure, topology, 
expression, and regulation of amphiregulin 
gene in both the physiological and patho- 
logical conditions. These studies may also 
provide clues to design agonjsts and antago- 
nists of this bifunctional growth regulator. 
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The five members of the human epidermal growth factor (EGF) family (EGF, transforming growth factor a 
[TGF-a], heparin-binding EGF-like growth factor [HB-EGF], betacellulin, and amphiregulin [AR]) are 
synthesized as transmembrane proteins whose extracellular domains are proteolytically processed to release the 
biologically active mature growth factors. These factors all activate the EGF receptor, but in contrast to EGF 
and TGF-a, the mature forms of HB-EGF and AR are also glycosylated, heparin-binding proteins. We have 
constructed a series of mutants to examine the influence of the distinct precursor domains in the biosynthesis 
of AR. The transmembrane and cytoplasmic domains of the precursor are not required for secretion of bioactive 
AR from either COS or mammary epithelium-derived cells, although proteolytic removal of the N-terminal 
pro-region is less efficient in the absence of the membrane anchor. Deletion of the N-terminal pro-region, 
however, results in rapid intracellular degradation of the molecule with no detectable secretion of active growth 
factor. AR secretion is preserved by replacing the native pro-region with the corresponding domain of the 
HB-EGF precursor but not with that of the TGF-a precursor. In the absence of any N-terminal pro-region, 
secretion of the molecule is restored by deleting the N-terminal heparin-binding domain of mature AR. Both 
EGF and TGF-a, in contrast, can be secreted without their pro-regions. However, if the protein is fused with the 
AR heparin-binding domain, TGF-a secretion is inhibited unless the AR pro-region is also present We propose 
that the heparin-binding domain of mature AR necessitates the presence of a specific structural motif in an 
N-terminal pro-region to permit proper folding, and thus secretion, of a bioactive molecule. 



Many peptide growth regulators are synthesized as larger 
precursor proteins which are posttranslationally processed to 
the mature factor (reviewed in reference 38). Precursors for a 
number of growth factors, including transforming growth 
factor 3 (TGF-3)-, nerve growth factor-, and platelet-derived 
growth factor-related molecules, are soluble proteins contain- 
ing the active peptide at the C terminus preceded by an 
N-terminal pro sequence (4, 15, 54, 71). Various functions 
have been ascribed to the pro-regions for this class of mole- 
cule. For example, both NGF and TGF-3 require their pro 
sequences for secretion, PDGF is rendered inactive unless the 
pro sequence is removecj, and the TGF-3 pro-region is in- 
volved in latent complex formation (11, 21, 39-41, 61, 65). 
However, an increasing number of soluble growth factors are 
found to be cleaved from integral membrane proteins, suggest- 
ing the possibility that such precursors participate in cell-cell 
communication or juxta^rine interactions (18, 37). For exam- 
ple, colony-stimulating factor 1 and tumor necrosis factor 
alpha/cachexin can signal through their respective receptors as 
membrane-anchored molecules, and several lines of evidence 
indicate a biological function specific to the transmembrane 
form of Steel factor, the ligand for the c-Kit receptor (10, 20, 
33, 47, 59, 64). A large family of growth factors initially 
synthesized as integral membrane precursors is composed of 
the epidermal growth factor (EGF)- and heregulin-related 
molecules. 

The human genome encodes five known structurally related 
proteins that bind anc) activate the EGF receptor: EGF, 
TGF-a, heparin-binding EGF-like growth factor (HB-EGF), 
betacellulin, and amphiregulin (AR) (3, 16, 24, 48, 53, 57, 58). 
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These proteins are all synthesized as part of larger precursors 
consisting of a signal peptide for localization to the secretory 
pathway, an N-terminal pro-region, and the mature peptide 
sequences, followed by a short spacer, a single transmembrane 
domain, and cytoplasmic tail. The bioactive domains are 
characterized by a six-cysteine consensus motif, X„CX 7 
CX^CXmCXCXjGXzCX,,, and several additional conserved 
residues (12). Mature HB-EGF and AR also have N-terminal 
extensions, composed of predominantly basic residues, that are 
thought to confer their heparin-binding abilities. Outside the 
EGF-like region, these precursors show little sequence homol- 
ogy, and their biological function(s) remains unclear. 

The N-terminal pro-regions vary considerably among the 
EGF family members: the pro-domain of EGF spans 950 
residues and contains nine additional EGF-like sequences, 
whereas the pro-regions of AR (74 residues), HB-EGF (~54 
residues), and TGF-a (17 to 18 residues) are considerably 
smaller (3, 7, 16, 25, 48). The betacellulin precursor has not yet 
been characterized but is predicted to contain a pro-region of 
only about seven residues (53, 57). In the case of EGF, the 
pro-region can be deleted without loss of protein expression or 
bioactivity, but the other molecules have not been similarly 
examined (17, 60). The presence of a transmembrane domain 
does suggest distinct functions for cell-associated and soluble 
forms of the factors. Although no physiological role has yet 
been attributed to the membrane-anchored factors, both EGF 
and TGF-a can bind and stimulate mitogenesis through the 
EGF receptor as transmembrane proteins, and the HB-EGF 
precursor has been implicated as the cellular receptor for 
diphtheria toxin (1, 6, 9, 43, 70). 

Among the EGF family members, TGF-a has served as the 
primary model for studying precursor function and mecha- 
nisms of soluble factor production. Mature peptide is released 
from this precursor by independent processing at two flanking 
elastase-Iike cleavage sites (Ala-Val). Chinese hamster ovary 
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(CHO) cells stably transfected with TGF-a efficiently cleave 
the N-terminal site but accumulate membrane-anchored factor 
as a result of inefficient cleavage at the C-terminal site (63). In 
contrast, retrovirally transformed rat embryo fibroblasts and 
hepatocarcinoma cells apparently process both sites at similar 
rates, resulting in the secretion of both meso-TGF-a (contain- 
ing N-terminal pro-sequences) and the mature peptide (27, 36, 
62). In certain cell types, cleavage at the C-terminal site is 
dramatically stimulated by activators of protein kinase C or 
elevated cytosolic calcium levels (44, 45). This regulated 
response is dependent on the cytoplasmic domain of the 
precursor (8). 

While related to the other EGF family members, AR has 
several features which distinguish it from the TGF-a model. 
Precursor sequences flanking mature AR lack homology with 
the TGF-a cleavage sites, so processing may be mediated by 
different eiKymes and thus subject to different regulating 
factors. Mature AR is a glycosylated heparin-binding peptide, 
and soluble heparin sulfate-like molecules inhibit its mitogenic 
activity. It also has a significantly lower affinity for the EGF 
receptor on A431 cells than do other family members (58). 
This reduction may be due to the absence of a leucine at 
position 42 in AR (as measured from the first cysteine of the 
EGF-like repeat), a residue critical for the activity of EGF and 
TGF-a and conserved in tffi-EGF (19, 34, 50). However, AR 
may be a more specific and natural regulator of normal 
epithelial cells than the other factors, as evidenced by its 
discovery as an autocrine mitogen for cultured human kerati- 
nocytes, mammary epithelial cells (HMEC), and colorectal 
cells and by its diminished potency on mesenchymal cells (14, 
31, 35, 58). Given the differences in the mature factors, the 
biologic relevance of the AR precursor may also differ from 
that of TGF-a. 

In this study, we address the functions of AR precursor 
(ARP) domains. Using deletion analysis, our initial experi- 
ments examine the roles of the N-terminal pro-region, trans- 
membrane, and cytoplasmic domains in the synthesis and 
secretion of bioactive peptide. This report demonstrates that 
both the N-terminal pro-region and the membrane anchor are 
important for the release of mature AR, with the pro-region 
being required for protein secretion while the transmembrane 
domain facilitates posttranslational removal of the pro-region. 

MATERIALS AND METHODS 

Cell lines. COS-1 (ATCC CRL 1650), 184A1N4-TH (13), 
and NRHer5 (5) cells were cultured in Dulbecco's modified 
Eagle medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS). Normal HMEC (Clonetics Corp.) were cultured 
in mammary epitheliumgrowth medium (Clonetics Corp.). All 
cells were maintained a,t 37°C in 5% CO z . 

Transient transfection assay. One day prior to transfection, 
COS cells were plated at 10 6 cells per 100-mm-diameter dish, 
and 184A1N4-TH cells "were plated at twice that density. Cells 
were transfected with 30 |xg of plasmid DNA by the DEAE- 
dextran-chloroquine method (55) and cultured for 2 days in 
DMEM-10% FBS. Cell's were then washed twice and cultured 
for an additional 24 h jn serum-free DMEM (5 ml/100-mm- 
diameter dish) before harvesting for Western blot (immuno- 
blot) analysis. 

For metabolic labeling experiments, cells were trypsinized 
24 h after transfection, replated in parallel 35-mm-diameter 
dishes, and cultured for an additional 24 h. For pulse-chase 
experiments, cells were preincubated for 30 min in cysteine- 
free minimal essential medium and then labeled for 15 min in 
the same medium supplemented with 200 fiCi of [ 35 S]cysteine 



(New England Nuclear) per ml. Plates were washed twice with 
DMEM and chased in 1 ml of DMEM-2% FBS at 37°C for the 
indicated lengths of time. For steady-state labeling experi- 
ments, cells were cultured for 24 h in cysteine-free minimal 
essential medium containing 2% dialyzed FBS, 1% complete 
DMEM, and 50 uCi of [ 35 S]Cys or [ 35 S]methionine-cysteine 
mix (EXPRE 35 S 35 S; New England Nuclear) per ml. 

Construction of mutant AR. Human AR cDNA (48) was 
excised at Hgal and £coRV sites and subcloned into pBlue- 
script II SK(+) (Stratagene). Mutations were generated in this 
template by using one- or two-step PCR protocols and syn- 
thetic oligodeoxynucleotide primers (29). Secondary structure 
predictions of N-terminal pro-regions were based on the 
original method of Chou and Fasman, using the PeptideStruc- 
ture program in the Genetics Computer Group sequence 
analysis software (Genetics Computer, Inc.) (30). 

The ARTL construct terminates following arginine 225 in 
the ARP, which is immediately C terminal to its putative 
membrane-spanning region (■■■ KIALAAIAAFMSAVILTAV 
AVrrVQL RR 225 ). The PA and NPA constructs were trun- 
cated following threonine 188 in the precursor, seven residues 
C terminal to the final Cys of the EGF-like motif (...GER- 
CGEKSMKT 188 ). Mature AR isolated from tetradecanoyl a 
phorbol acetate-treated MCF7 cells was previously reported to s 
terminate at lysine 184 in the precursor; however, sequence o 
analysis of recombinant AR purified from CHO cells reveals a. 
equimolar amounts of peptide terminating at lysine 187 and 2- 
threonine 188 (unpublished data). Mature 18-kDa AR pro- o 
duced endogenously by both cultured normal HMEC and fj 
normal human keratinocytes can be metabolically labeled with 1 
[ 35 S]methionine (unpublished data), indicating that the C S" 
terminus of native AR extends to at least methionine 186, since =j 
no other methionines are found within or immediately N ° 
terminal to the mature factor. *§. 

Constructs with N-terminal deletions (ARNP and NPA) ^ 
were generated by fusing the signal sequence from the human 3 
TGF-f}, precursor (MPPSGLRLLPLLLPLLWLLVLTPSRPA J" 
AG) (22) in frame with the N terminus of the predominant = 
form of mature AR, beginning with valine 107 in the precursor S> 
( ,07 WKPPQNK...). The domain swap mutants HB-AR and "nj 
TGF-AR replaced the first 107 residues of the ARP with the 8 
first 72 and 38 residues of the human HB-EGF (24) and " ! 
TGF-a (16) precursors, respectively. The human TGF-a 
cDNA used for this construct was isolated from A431 cells. 
Like one of the two forms of rat TGF-a message produced by 
exon sliding (7), this cDNA encodes a 159-residue primary 
translation product lacking alanine at position 32. The con- 
struct AR-NB contains a 43-residue internal deletion (from 
serine 101 to lysine 143) that leaves the N-terminal pro-region 
intact but removes the hydrophilic region of the mature factor 
just N terminal to the EGF-like motif (which begins at cysteine 
146). The construct ARNP-NB contains the TGF-p signal 
sequence fused in frame to asparagine 144 ( t44 NPCNA 
EFQNFC...), deleting the first 143 residues of the ARP. 
Constructs ARNPAN and ARNPAC, created by using ARNP 
as the template for PCR priming, delete residues correspond- 
ing to amino acids 107 to 122 and 123 to 143, respectively, in 
the ARP (see Fig. 9A). 

The TGF-a-based constructs (Pa, NPa, PAa, and NPAa) 
were derived from the human TGF-a cDNA described above 
(7, 16), and all were truncated at a position corresponding to 
the C terminus of the mature factor (...CEHADLLA 88 ). The 
N-terminal deletion mutant (NPa) was created by fusing the 
TGF-p, signal sequence in frame with the N terminus of 
mature TGF-a ( 39 WSHFNDCPDSHTQFC...). The N-termi- 
nal regions of the AR-TGF-a chimeric constructs were de- 
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rived from the full-length ARP and pro-less ARNP constructs; 
PAoc contains the first 143 residues of the ARP residues, and 
NPAa contains the TGF-0 t signal with ARP residues 107 to 
143. For both chimeras, these sequences were fused to the 
EGF-like domain of TGF-a, beginning at residue 45 in the 
TGF-ot precursor ( 45 DCPDSHTQFC...). 

All PCR products were sequence verified, and the final 
constructs were directionally subcloned into the cDM8 expres- 
sion vector (Invitrogen Corp.) at Hindlll and Notl sites. The 
vector drives expression from the cytomegalovirus promoter 
and contains the simian virus 40 (SV40) origin of replication to 
allow plasmid amplification in cells expressing the SV40 T 
antigen. 

Western blot analysis. Culture supernatants were clarified 
and dialyzed against 0.1 M acetic acid, dried in a Speed Vac 
concentrator (Savant), and resuspended directly in sodium 
dodecyl sulfate (SDS) sample buffer (50 mM Tris-Cl [pH 6.8], 
2% SDS, 0.05% bromophenol blue, 10% glycerol, 2.5% 2-mer- 
captoethanol). Cell extracts were prepared as follows. Mono- 
layers from 100-mm-diajneter dishes were washed twice with 
phosphate-buffered saline (PBS) and scraped on ice in 1 ml of 
hypotonic buffer (20 mM N-2-hydroxyethylpiperazine-AT-2- 
ethanesulfonic acid [HEPES; pH 7.4], 1 mM EDTA 1 mM 
MgCl 2 , 1 mM phenylmethylsulfonyl fluoride [PMSF], 20 u.g of 
aprotinin per ml). Cells were then incubated for 30 min on ice 
and Dounce homogenized until ~95% appeared broken by 
visual inspection. Extracts were centrifuged 3 min at 300 X g at 
4°C to sediment nuclei and unbroken cells, and the superna- 
tants were separated into particulate and soluble fractions by 
10 min of centrifugation at 160,000 X g (Beckman Optima 
TLX-120 tabletop ultracentrifuge). Pellets (particulate frac- 
tion) were resuspended directly in SDS sample buffer, while 
supernatants (soluble fraction) were first dried in a Speed Vac 
concentrator. 

Samples were resolved by SDS-polyacrylamide gel electro- 
phoresis (PAGE) on 15% acrylamide-0.5% bisacrylamide gels 
(52) and electrophoretically transferred to nitrocellulose. 
Nonspecific binding was blocked by preincubating blots in 
BLOTTO (PBS containing 5% [wt/vol] nonfat dried milk and 
0.2% [vol/vol] Nonidet P-40 [Sigma]), and AR was detected by 
using rabbit antisera raised against synthetic peptides corre- 
sponding to either the N-terminal region of the mature factor 
( i08 VKPPQNKTESENTSDKPKRKKKG 130 ; antibody [Ab] 
035) or the N-terminal pro-region of the precursor ( SSSEP 
SSGADYDYSEEYDNE 90 ; Ab 042) followed by 125 I-pro- 
tein A. Bands were visualized with a Molecular Dynamics 
Phosphorlmager. 

Immunoprecipitations. Cells were solubilized in radioimmu- 
noprecipitation assay (RIPA) buffer (150 mM NaCl, 1.0% 
Nonidet P-40, 50 mM Tris-HCl [pH 8.0]) containing 1 mM 
PMSF and 20 u.g of aprotinin per ml for 20 min on ice and 
clarified by 10 min of centrifugation at 15,000 X g at 4°C. To 
reduce nonspecific background in metabolically labeled cell 
extracts, RIPA extract^ of unlabeled, nontransfected cells were 
added at fivefold excess. Medium samples were diluted with an 
equal volume RIPA bujfer and used directly. All samples were 
preincubated 1 h at 4?C with either protein A-Sepharose or 
protein G-Sepharose and centrifuged for 10 min at 15,000 x g 
at 4°C to preclear prior to immunoprecipitation. AR was 
immunoprecipitated by overnight incubation at 4°C with con- 
stant mixing, using either affinity-purified Ab 035 and protein 
A-Sepharose or pooled hybridoma supernatants containing 
murine monoclonal Ab$ raised against mature AR (Abs 4.14, 
12.33, 12.38, 14.3, 16.21, and 19.23) and protein G-Sepharose. 
Precipitated samples were washed on ice once each with 
high-salt buffer (0.5 M NaCl, 1.0% Nonidet P-40, 50 mM 



Tris-HCl [pH 8.0]), low-salt buffer (1.0% Nonidet P-40, 50 mM 
Tris-HCl [pH 8.0]), and RIPA buffer. Immunoprecipitates 
were then resuspended in SDS sample buffer and resolved by 
SDS-PAGE for either Western blotting or direct autoradiog- 
raphy with the Phosphorlmager. 

To affinity purify Ab 035 for immunoprecipitations, the 
antiserum was incubated for 3 h at room temperature with 
immunizing peptide coupled through primary amines to an 
Affi-Gel 10 support (Bio-Rad). The support beads were then 
transferred to a small column and washed with PBS, and the 
bound Abs were eluted with 50 mM glycine (pH 2.0). The 
eluate was immediately neutralized with 0.06 volume of 1 M 
Na 2 HP0 4 and dialyzed against PBS, and 1% bovine serum 
albumin (BSA) and 0.02% NaN 3 were added for storage. 

Endoglycosidase H digestion. Cell extracts and media were 
immunoprecipitated with affinity-purified Ab 035. At the final 
wash, each sample was divided into two tubes, and the immune 
complexes were resuspended in 10 u.1 of endoglycosidase H 
buffer (30 mM sodium acetate [pH 5.4], 0.1 M 2-mercapto- 
ethanol, 0.5% Triton X-100, 1 mM PMSF, 0.2% SDS) and 
denatured 5 min at 95°C. To one tube, 1 mU of endoglycosi- 
dase H (Boehringer Mannheim) was added, and both tubes 
were incubated 16 h at 37°C. An equal volume of 2x SDS 
sample buffer was added directly to reactions, and samples 
were resolved by SDS-PAGE and analyzed by Western blot- 
ting. 

Heparin binding assay. Heparin acrylic beads (Sigma) in 
PBS were mixed with medium samples from f"S]cysteine 
metabolically labeled cells (15 u.1 of packed resin per 200 u.1 of 
medium) for 1 h at 4°C. The heparin beads were collected by 
centrifugation and washed twice with PBS. Supernatants were 
diluted with an equal volume of RIPA buffer and used directly 
for immunoprecipitations. AR was eluted from the heparin 
beads by incubation for 1 h at 4°C with 75 u.1 of 1 M NaCl in 
sodium phosphate buffer (pH 7.2). The eluate was diluted with 
200 u-1 each of low-salt and RIPA buffers and then used for 
immunoprecipitations. 

EGF receptor autophosphorylation assay. NRHer5 cells 
were seeded in 12-well plates at 5 X 10 4 cells per well and 
cultured for 24 h (cells achieved —50% confluence). Culture 
medium was then replaced (0.5 ml per well sample) with 
standards diluted in DMEM containing 0.1% BSA and with 
conditioned media from transfected cells diluted with an equal 
volume of DMEM containing 0.1% BSA. Following a 10-min 
incubation at room temperature, medium was removed and 
cells were solubilized for 10 min on ice in PBS-TDS (10 mM 
sodium phosphate [pH 7.25], 150 mM NaCl, 1% Triton X-100, 
0.5% sodium deoxycholate, 0.1% SDS, 0.2% NaN 3 , 1 mM 
NaF, 1 mM PMSF, 20 (jig of aprotinin per ml), with occasional 
vortexing. Clarified extracts were incubated 1 h at 4°C with an 
anti-EGF receptor antibody (EGFR1; Amersham). Protein 
A-Sepharose was then added, and samples were incubated for 
an additional hour. Immune complexes were washed three 
times with PBS-TDS, resolved on a 7% polyacrylamide-0.23% 
bisacrylamide gel, and electrophoretically transferred to nitro- 
cellulose. Phosphorylation of the receptor was assessed by 
Western blotting with an antiphosphotyrosine primary anti- 
body (PY20; ICN Biochemicals) and I2 h-labeled sheep anti- 
mouse F(ab') 2 (Amersham). Bands were detected and quan- 
titated on the Phosphorlmager. 

TGF-a ELISA. A TGF-a sandwich enzyme-linked immu- 
nosorbent assay (ELISA; Oncogene Science, Inc.) was used for 
quantitating TGF-a immunoreactivity as instructed by the 
manufacturer. Culture medium was diluted 40-fold with assay 
buffer and then analyzed directly. 



1638 THORNE AND PLOWMAN 



Mol. Cell. Biol. 



AR 



Q D 

co in 
— TO 



HMEC 184A1N4-TH COS 



5X cont. ARP cont. ARP 
- M C C MCMC MCMC 



# 



46- 

30- 

19- 
15- 
6- 

3- 



FIG. 1. Western blot analysis of HMEC, 184A1N4-TH, and COS 
cell AR. Conditioned media (M) and cell extracts (C) from normal 
HMEC and transfected COS and 184AIN4-TH cells were examined 
on SDS-polyacrylamide gels by immunoblotting with the AR-specific 
antiserum Ab 035. Cells were transfected with either control vector 
(cont.) or a construct containing the cDNA for the full-length ARP. 
Shown is the particulate fraction of Dounce-homogenized cells. The 
soluble fraction of cell extracts contained no detectable AR. The 18- 
and 35-kDa AR standards (50 ng of each) were purified from the 
conditioned medium of CHQ cells transfected with a full-length 
precursor construct. HMEC samples correspond to 20% of a 100-mm- 
diameter dish of cells, except for the lane labeled 5x, which was 
immunoprecipitated from the extract of an entire 100-mm-diameter 
dish. Samples from 184A1N4-TH and COS cells correspond to 5% of 
a 100-mm-diameter dish. Sizes are indicated in kilodaltons. 



RESULTS 

Transient expression system for studying AR synthesis and 
secretion. To study the effects of precursor mutations on the 
synthesis and secretion of AR, we wished to have an expression 
system that lacked high levels of endogenous AR yet repre- 
sented a cell lineage in which this factor is normally found. 
Normal proliferating HMEC express and secrete bioactive 
AR. However, transformed mammary epithelial cells typically 
lose AR expression, providing a potentially suitable back- 
ground for studying mutants (14, 35). The HMEC line chosen 
for these studies, 184A1N4-TH, stably expresses the SV40 T 
antigen and is thus functionally similar to COS cells (13). 
Plasmids containing the $V40 origin are replicated to high 
copy number in such cells, allowing expression of foreign 
protein to be readily achieved in transient transfection assays. 

To assess the validity of the model system, AR produced in 
COS and 184A1N4-TH cells transiently transfected with the 
full-length ARP cDNA was compared with that produced by 
normal HMEC. Two days after transfection, cells were 
changed to serum-free culture medium for an additional 24 h 
to collect secreted prodjucts. Cells were then harvested and 
fractionated into soluble? and particulate fractions (see Mate- 
rials and Methods). Secreted and cell-associated proteins were 
analyzed by Western blotting with a polyclonal antiserum 
directed against the N-terminal region of the mature peptide 
(Fig. 1). Normal HMEC secrete predominantly an 18-kDa 
form comigrating with mature AR, although a 35-kDa form 
comigrating with gp35 (soluble factor extended by the N- 
terminal pro-region from the precursor) was also detected. 
Relatively little AR was cell associated, with the predominant 
form migrating at 25 kDa, although a 42-kDa species was also 
detected. Both forms are, consistent with the presence of a 
~7-kDa transmembrane and cytoplasmic domain. 

When transfected with vector alone, neither COS nor 
184A1N4-TH cells produced detectable AR. However, cells 



transfected with the ARP construct secreted both 18- and 
35-kDa forms. While COS cells produced similar levels of the 
two forms, the 184A1N4-TH cells predominantly secreted 
18-kDa AR, similar to HMEC. Cell extracts of both lines had 
high levels of both the 25- and 42-kDa forms. 

AR deletion mutants. To assess the role(s) of the membrane 
anchor and N-terminal pro-regions in the synthesis and secre- 
tion of bioactive AR, four deletion mutants were constructed 
(Fig. 2 and Materials and Methods): (i) ARTL (tail-less, 
deleting the cytoplasmic domain only leaving the membrane- 
spanning region intact), (ii) PA (soluble pro-AR, deleting both 
the transmembrane and cytoplasmic domains), (iii) ARNP 
(no-pro, deleting the N-terminal pro-region only), and (iv) 
NPA (soluble no-pro, deleting both N-terminal pro-region and 
transmembrane domains). Deletions were made in the cDNA 
for the full-length precursor by using PCR techniques, and all 
PCR products were confirmed by complete sequence analysis. 
Both the ARNP and NPA constructs utilized the N-terminal 
signal sequence from human TGF-p, to direct protein to the 
secretory pathway. 

Native ARP and the four deletion mutants were transiently 
expressed in both COS and 184A1N4-TH cells. Secretion of 
bioactive material was assessed by testing conditioned media 
from transfected cells for the ability to stimulate ligand- 
induced EGF receptor autophosphorylation in intact cells (Fig. 
3). Medium from cells transfected with vector alone exhibited 
no EGF-like activity, whereas cells transfected with the full- 
length precursor produced significant levels of receptor phos- 
phorylation, corresponding to —50 to 200 ng of AR activity per 
ml in the undiluted culture medium, depending on the trans- 
fection experiment. Deletion of either the cytoplasmic (ARTL) 
or transmembrane (PA) domain did not dramatically affect the 
secretion of bioactive material. However, no stimulation of 
EGF receptor autophosphorylation was observed with con- 
structs lacking the N-terminal pro-region (ARNP and NPA). 

Secreted and cell-associated protein from transfected cells 
was analyzed by Western blotting with Abs directed against 
either the mature peptide or the N-terminal pro-region (Fig. 
4A and B). Data from 184A1N4-TH cells are shown, although 
similar results were found with COS cells. In agreement with 
the bioassay, AR immunoreactive protein was found in the 
media of cells transfected with the three constructs containing 
the N-terminal pro-region (ARP, ARTL, and PA) but not 
those lacking this domain (ARNP and NPA). Both the 18- and 
35-kDa forms were secreted from transfected cells, with the 
18-kDa peptide predominating for the two transmembrane 
precursors (ARP and ARTL) and the 35-kDa form predomi- 
nating for the variant lacking a membrane anchor (PA). As 
before, the native precursor produced cell-associated forms 
migrating at 42 and 25 kDa. However two smaller proteins, 
migrating at 37 and 20 kDa, were found in extracts of 
ARTL-transfected cells, and the PA construct generated pri- 
marily a 35-kDa cell-associated form. These increased mobil- 
ities are consistent with precursors lacking either the cytoplas- 
mic domain alone (ARTL) or both the transmembrane and 
cytoplasmic domains (PA). In comparison with either PA or 
the native ARP, a higher proportion of the ARTL-derived 
protein was typically cell associated, although the differences 
were not always dramatic (ARP and ARTL samples in Fig. 4A 
and C reflect the range of differences observed). No AR 
imiriunoreactivity was found in extracts of ARNP-transfected 
cells, although a 16-kDa form was found in cells expressing the 
NPA construct. In all cases where AR protein was detected, 
the higher-molecular-weight forms in both media and cell 
extracts also cross-reacted with the N-terminal pro-region- 
specific antiserum (Fig. 4B). Thus, the three mutant molecules 
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FIG. 2. AR deletion constructs. Functional domains and amino acid positions within the human ARP are indicated on the full-length construct, 
ARP. The EGF-like motif is represented by the six disulfide-linked cysteines (C). Compositions of the 35- and 18-kDa secreted products are also 
indicated. Signal, N-terminaj signal sequence ( E§3 , native AR signal; , TGF-(5 signal); TM, transmembrane domain. 



possessing the AR pro-region (ARP, ARTL, and PA) were 
secreted from transfected cells, while those lacking this domain 
(ARNP and NPA) were not. 

Particulate and soluble fractions of cell extracts were next 
compared (Fig. 4C). Data from COS cells are shown, although 
184A1N4-TH cells demonstrated similar results. Only the PA 
construct produced AR in the soluble fraction. However, 
approximately half of the intracellular PA and essentially all of 
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FIG. 3. Bioactivities of AR deletion mutants. NRHer5 cells were 
stimulated either with purified recombinant AR or EGF or with the 
conditioned medium from transfected COS cells. The 175-kDa EGF 
receptor was immunoprecipitated from solubilized NRHer5 cells, and 
autophosphorylation was assessed by antiphosphotyrosine Western 
blotting. The immunoprecipitating Ab appears in all lanes as a triplet 
migrating below the 68-kDa marker. Sizes are indicated in kilodaltons. 



the NPA was found in the particulate fraction, even though 
neither was predicted to possess a membrane anchor. To 
resolve this discrepancy, we examined the possibility that these 
forms were restricted to the endoplasmic reticulum, which 
would suggest insoluble aggregates of misfolded protein (see 
references 26, 46, and 51 for reviews). 

Since mature AR is a glycoprotein with N-linked oligosac- 
charides, the secreted and cell-associated proteins were exam- 
ined for sensitivity to endoglycosidase H. This enzyme prefer- 
entially hydrolyzes high-mannose N-linked carbohydrates, such 
as intermediates found in the endoplasmic reticulum, and does 
not hydrolyze the complex carbohydrates produced during 
maturation in the Golgi complex. As shown in Fig. 5, AR 
synthesized from the PA construct and found in the particulate 
fraction of cell extracts was shifted to a single, faster-migrating 
band following digestion with endoglycosidase H. In contrast, 
the 25-kDa cell-associated form produced from the full-length 
precursor was endoglycosidase H insensitive. The secreted 
forms from both constructs were unaffected by this enzyme. 
These results suggest that despite high levels of PA released 
from cells, this membrane anchor-less molecule may have 
suboptimal folding and secretion efficiency. 

AR from the NPA construct found in cell extracts was not 
affected by endoglycosidase H digestion, even immediately 
following a 15-min metabolic labeling with [ 35 S]cysteine, when 
all of the AR produced from the full-length precursor was 
endoglycosidase H sensitive (Fig. 5B). This observation sug- 
gests a lack of N-linked glycosylation in the NPA variant and 
correlates well with its migration on SDS-PAGE as a protein 
~2 kDa smaller than the mature native factor. Protein mis- 
folding and aggregation in the endoplasmic reticulum would be 
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FIG. 4. Expression of AR protein from deletion mutant constructs. Cell extracts and conditioned media from transfected 184A1N4-TH cells 
(A and B) and COS cells (C) were examined on SDS-polyacrylamide gels by immunoblotting with antisera directed against either the mature 
peptide (Ab 035 [A and C]) or the N-terminal pro-region (Ab 042 [B]). All lanes correspond to 5% of a confluent 100-mm-diameter dish of cells. 
COS cell extracts were separated into soluble (S) and particulate (P) fractions. M, medium. Positions of molecular size markers (in kilodaltons) 
are shown on the left, and positions of migration of the 35- and 18- kDa forms of AR are shown on the right for reference. 



consistent with intracellular accumulation and lack of normal 
glycosylation and secretion of the NPA construct. 

Absence of the N-terminal pro-region results in rapid 
turnover of the AR precursor. The construct lacking the 
N-terminal pro-region (ARNP) was not detected in either 
the media or cell extracts, possibly because of either a defi- 
ciency in synthesis or rapid degradation of newly made pro- 
tein. To distinguish between these possibilities, transfected 
184A1N4-TH cells were metabolically labeled for 15 min with 
[ 35 S]cysteine and then chased for 0 min, 30 min, 1 h, or 4 h 
(Fig. 6). Immunoprecipitation with affinity-purified anti-AR 
serum revealed that a 22-kDa protein was synthesized but 
rapidly turned over (r 1/2 , <30 min) in ARNP-transfected cells. 
In contrast, the native precursor (ARP) persisted in cell 
extracts for the entire 4 h and was partially converted from the 
42-kDa to the 25-kDa cell-associated form, beginning by 1 h. 
Release into the media was minimal, even by 4 h. Like the 
more stable NPA product, the transiently observed ARNP 
migrated as a protein 2 to 3 kDa smaller than expected (~25 
kDa) and was also endoglycosidase H insensitive (not shown). 

These experiments indicate that the N-terminal pro-region 
of the ARP is required for AR secretion, presumably by 
directing proper folding of the molecule. We next addressed 
the possibility that the pro-regions of structurally related 
molecules can perform sjmilar functions. 

The N-terminal pro-region of HB-EGF can functionally 
replace the AR pro-region. While AR has a high degree of 
similarity to HB-EGF and TGF-ct in the domain encompassed 



by the six cysteines (52 and 33%, respectively), minimal 
primary sequence homology can be found in the N-terminal 
pro-regions. Secondary structure predictions, however, suggest 
a similar distribution of hydrophilic stretches, preponderance 
of B turns, and lack of ct-helical structure in the pro-regions of 
AR and HB-EGF but not TGF-ct. If a conserved structural 
motif were necessary for proper folding, the pro-region of 
HB-EGF (and not TGF-ct) might function within the context 
of the ARP and allow protein secretion. This hypothesis was 
tested by replacing the AR pro-region with that of either 
HB-EGF (HB-AR) or TGF-ct (TGF-AR) (see Materials and 
Methods). 

Expression of native AR, ARNP, HB-AR, and TGF-AR was 
compared in both 184A1N4-TH and COS cells (Fig. 7). 
Medium from transfected cells was assessed for bioactivity by 
measuring EGF receptor autophosphorylation, and Western 
blots were used to detect cell-associated and secreted AR 
protein. Comparable secretion of both bioactive material (Fig. 
7 A) and immunoreactive protein (Fig. 7B) was observed for 
the native precursor and HB-AR, but no protein was detected 
for either ARNP or TGF-AR. As previously observed with 
ARNP, pulse-chase experiments in TGF-AR-transfected cells 
demonstrated synthesis of an ~20-kDa protein that was turned 
over with a t m of <30 min (not shown). 

Deletion of the basic domain abrogates the pro-region 
requirement One structural feature shared by mature AR and 
HB-EGF, but not EGF or TGF-ct, is a long (39 and -34 
residues, respectively), highly basic domain N terminal to the 
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FIG. 5. Endoglycosidase H sensitivity of PA- and NPA-derived 
proteins. (A) Endoglycosidase H digestion of AR from 184A1N4-TH 
cells transfected with either control vector (cont.), full-length precur- 
sor (ARP), or the PA truncation mutant. Cells were transfected and 
harvested as for Western blots. Medium samples and the particulate 
fractions of cell extracts were then detergent solubilized and immuno- 
precipitated with affinity-purified anti-AR antiserum (Ab 035). Each 
immunoprecipitate was divided in half for incubation with either buffer 
alone (-) or endoglycosidase H (+) and then analyzed by Western 
blotting with the AR-specifiq antiserum Ab 035. (B) Endoglycosidase 
H digestion of metabolically labeled 184A1N4-TH cells transfected 
with either control vector (cpnt.), full-length precursor (ARP), or the 
NPA deletion mutant. Transfected cells were metabolically labeled 15 
min with [ 3S S]cysteine ancj immediately detergent solubilized for 
immunoprecipitation with affinity-purified anti-AR antiserum. Each 
sample was divided, incubated both without (-) and with (+) 
endoglycosidase H, and resolved on an SDS-polyacrylamide gel for 
direct autoradiography. Sizes are indicated in kilodaltons. 



first cysteine of the EGF : like motif (24, 48). We hypothesized 
that the pro-regions of AR and HB-EGF might direct secre- 
tion by interacting with this basic domain to allow proper 
folding of the growth factor. To test this hypothesis, we 
generated a construct in which the entire N-terminal domain 
of mature AR was deleted (ARNP-NB [no-pro, no-basic]). A 
second construct retained the pro region (AR-NB [no-basic 
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FIG. 6. Pulse-chase of ARNP-transfected 184A1N4-TH cells. Cells 
transfected with either control vector, full-length precursor (ARP), or 
the ARNP truncation mutant were metabolically labeled 15 min with 
[ 35 S]cysteine and then chased for either 0 min, 30 min, 1 h, or 4 h. AR 
was immunoprecipitated from media (M) and detergent-solubilized 
cell extracts (C.E.) with affinity-purified anti-AR antiserum Ab 035 and 
analyzed by direct autoradipgraphy of an SDS-polyacrylamide gel. 
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FIG. 7. Bioactivity and Western analysis of HB-AR and TGF-AR 
expressed in 184A1N4-TH cells. (A) EGF receptor autophosphoryla- 
tion. NRHerS cells were stimulated either with purified recombinant 
AR or EGF or with the conditioned media from transfected cells. EGF 
receptor was immunoprecipitated from solubilized NRHer5 cells, and 
autophosphorylation was assessed by antiphosphotyrosine Western 
blotting. Relative intensities of the 175-kDa phosphorylated receptor 
bands were determined by using a Phosphorlmager and ImageQuant 
software. Similar results were also reproducibly observed with COS 
cells. (B) AR Western blot. Cell extracts and media from transfected 
184A1N4-TH cells were analyzed by Western blotting with the an- 
ti-AR antiserum Ab 035 as described for Fig. 4. Only the particulate 
fraction of cell extracts is shown; no immunoreactivity was detected in 
the soluble fraction. Each lane corresponds to 5% of a confluent 
100-mm-diameter dish, cont., control. COS cells produced similar 
results. 



only]) to control for alternate mechanisms of pro-region 
function. 

Secretion of protein from transfected cells was assessed by 
immunoprecipitation of AR from the media of cultures meta- 
bolically labeled for 24 h with [-"Sjcysteine. Pooled monoclo- 
nal Abs directed against the EGF-like domain were used in 
these experiments, since the no-basic constructs lack the 
epitope recognized by the rabbit antiserum previously used. 
Cells transfected with the ARNP-NB construct secreted a 
~6-kDa protein (Fig. 8A), demonstrating that the pro-region 
is not required for secretion in the absence of the basic 
domain. Release of a ~30-kDa protein from AR-NB-trans- 
fected cells indicates that pro-region does not inhibit AR 
secretion in the absence of the basic domain. Unlike native 
AR, neither the 6-kDa ARNP-NB nor the 30-kDa AR-NB 
peptide was retained on heparin affinity resin (Fig. 8B), 
consistent with the colocalization of the heparin-binding do- 
main to the basic N terminus of AR. 

Closer inspection of the AR N terminus suggests that it may 
be divided into two subdomains, with most of the basic 
residues residing in the C-terminal half and the N-linked 
glycosylation sites residing in the N-terminal half (Fig. 9A). 
Deleting the C-terminal half (ARNPAC) allowed secretion in 
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FIG. 8. Secretion of deletion mutants ARNP-NB and AR-NB 
from transfected 184A1N4-TH ceils. (A) Metabolic labeling of 
184A1N4-TH cells transfected with AR expression plasmids. Trans- 
fected cells were cultured 24 h in the presence of [ SJcysteine, and 
secreted AR was immunoprecipitated with pooled monoclonal Abs 
raised against the mature factor. Samples were resolved on an 
SDS-polyacrylamide gel and visualized by direct autoradiography, 
cont., control. (B) Binding of metabolically labeled AR to immobilized 
heparin. Medium samples from metabolically labeled transfected cells 
were incubated with heparin acrylic beads and separated into bound 
and free fractions. AR on thje heparin beads was eluted with high salt. 
The eluted samples (heparin) and unbound supernatant (flowthrough 
[FT.]) were immunoprecipitated with the pooled anti-AR monoclonal 
Abs and analyzed by SDS-PAGE. cont., control. Sizes are indicated in 
kilodaltons. 




FIG. 9. Secretion of deletion mutants ARNPAN and ARNPAC 
from transfected COS cells. (A) Schematic of N-terminal domain 
deletions. Functional domains within the parent ARNP precursor are 
indicated, and the EGF-like motif within the mature factor is repre- 
sented by the six disulfide-linked cysteines (C). Underlined residues 
indicate consensus sites for N-linked glycosylation. Thick underline 
indicates site known to be glycosylated in both MCF7 and CHO cells 
(unpublished data). Signal, N-terminal signal sequence from TGF-(J; 
TM, transmembrane domain. (B) Metabolic labeling of COS cells 
transfected with AR expression plasmids. Transfected cells were 
cultured for 24 h in the presence of [■"SJmethionine-cysteine, and 
secreted AR was immunoprecipitated with pooled monoclonal Abs 
raised against the mature factor. Samples were resolved on an 
SDS-polyacrylamide gel and visualized by direct autoradiography. 



the absence of the pro-region (Fig. 9B). Deleting only the 
N-terminal half (ARNPAN) was not effective, indicating that 
the inhibitory effect is specific to the basic region of mature 
AR. 

The AR N terminus inhibits TGF-a secretion unless the AR 
pro-region is present. The foregoing results support the hy- 
pothesis that an N-terminal basic domain is inhibitory to 
folding and secretion of EGF-like molecules unless circum- 
vented by a specific structural motif in the pro-region. How- 
ever, an alternate interpretation is that deletion of the AR 
pro-region in certain contexts (ARNP and ARNPAN but not 
ARNP-NB or ARNPAC) nonspecifically disrupts the protein 
folding process. To distinguish between these possibilities, we 
studied the effect of the AR N terminus on secretion of TGF-ot, 
an EGF-like molecule that lacks an analogous basic domain. 
Four constructs were designed, and to simplify secretion 
analysis, none contained the transmembrane or cytoplasmic 
domain of the TGF-a precursor (Fig. 10 and Materials and 
Methods): (i) Pa (soluble pro-TGF-a, analogous to the AR- 
derived PA construct), (ii) NPa (soluble no-pro TGF-a, anal- 
ogous to NPA), (iii) PAqt (chimera fusing the AR basic domain 
and pro-region to the pGF-like motif of TGF-a), and (iv) 
NPAa (chimera fusing the AR basic domain only to the 
EGF-like motif of TGF-a). Secretion of protein was assessed 



by analyzing the conditioned medium of transfected cells for 
EGF receptor-stimulating activity and for TGF-a or AR (basic 
domain) immunoreactivity (Table 1). 

Consistent with the model, release of TGF-a bioactivity and 
immunoreactivity from both Pa- and NPa-transfected cells 
indicates that the TGF-a pro-region is not required for secre- 
tion. Adding the AR basic domain alone (NPAa) prevented 
detectable secretion, although AR immunoreactive protein in 
cell extracts confirmed expression (not shown). Finally, secre- 
tion of the AR-TGF-a chimera was restored by including the 
AR pro-region. These results suggest a specific role for the AR 
pro-region in directing secretion and argue against a simple 
nonspecific disruption of protein folding for the earlier AR 
truncation mutants. 

DISCUSSION 

Like other members of the EGF family of growth regulators, 
AR is initially synthesized as a transmembrane precursor, 
consisting of a signal sequence, an N-terminal pro-region, the 
EGF-like active factor, a small juxtamembrane and single 
transmembrane domain, and a cytoplasmic domain. Outside 
the EGF-like repeat, however, the precursors show little 
sequence homology. While membrane-anchored forms of EGF 
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TABLE 1. Secretion of TGF-a derived chimeric molecules from 
transfected COS cells 
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FIG. 10. AR-TGF-a chimeric constructs. Functional domains and 
amino acid positions within the human AR and TGF-a precursors are 
indicated in the full-length extracellular domain constructs (PA and 
Pa). All other deletion and domain swap constructs also truncate at 
the C terminus of the mature factors. The EGF-like motifs are 
represented by the six disulfide-linked cysteines (C). Signal sequences 
used: ^ , native AR signal; ^ , native TGF-a signal; ^ , TGF-0 
signal. 



and TGF-a are mitogenic and have been observed in vivo and 
in cell culture, the biological function of the precursor mole- 
cules is still unclear (1, 6, 9, 17, 42, 49, 70). This study examines 
the role of each of the precursor domains in the secretion of 
bioactive AR. 

AR deletion mutants were transiently expressed in COS and 
mammary epithelial cells, and conditioned medium was ana- 
lyzed for secretion of active factor. Protein expression was 
examined by Western blotting. Active AR was synthesized and 
secreted by using a construct encoding the native precursor or 
constructs lacking the transmembrane and/or cytoplasmic do- 
mains. In contrast, deletion of the N-terminal pro-region 
completely abrogated AR release. Secretion was restored with 
a chimeric protein containing the HB-EGF pro-region but not 
with a chimera containing the pro-region from the TGF-a 
precursor. In the absence of a pro-region, secretion was 
restored by deleting trje basic amino acid-rich region near the 
N terminus of the mature factor. Addition of this basic domain 
to the EGF-like motif of TGF-a (which itself does not require 
a pro-region) inhibited secretion of the chimeric molecule 
unless the AR pro-region was also present. These results 
demonstrate a role fpr the N-terminal pro-region in the 
synthesis and secretion of AR and indicate that a specific 
structural motif in this region is necessitated by the basic N 
terminus of the mature factor. 

All experiments were performed in both fibroblast-like COS 
cells and human mammary epithelium-derived 184A1N4-TH 
cells. Both cell types processed the native precursor to two 
secreted and two cell-associated isoforms, similar to those 
produced endogenously by normal HMEC (Fig. 1). The trans- 
fected cell lines exhibited proportionately higher levels of the 
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" COS cells were transfected with each of the expression plasmids as described 
in Materials and Methods. Two days after transfection, cells were transferred to 
serum-free medium for an additional 24 h, when samples from the medium were 
collected for direct analysis. 

h Ligand-induced EGF receptor autophosphorylation was assessed as in Fig. 3 
and 7A. - , phosphorylation indistinguishable from that of unstimulated cells; +, 
phosphorylation levels >4-fold above background. 

' Assayed by double-determinant EL1SA. - . TGF-a immunoreactivity below 
detection levels (0.4 ng/ml); +, TGF-a immunoreactivity of £10 ng/ml in the 
conditioned medium. 

'' Determined by Western blotting with an Ab directed against the basic region 
of the mature factor. Medium samples of constructs with negative activity 
contained no specific AR bands, and the AR immunoreactive bands in positive 
samples were comparable in intensity to those observed for secreted forms in Fig. 
4 and 7B. 

'' Although no AR immunoreactivity was detected in the conditioned medium, 
an —16- to 18-kDa doublet was observed in the particulate fraction of NPAu- 
transfected cell extracts. 



cell-associated AR than the normal cells did, but this may 
reflect the high rates of synthesis that occur when expression 
systems that amplify plasmid copy number are used. Impor- 
tantly, the two expression systems produced similar results for 
the various mutant precursors. Thus, the observed effects on 
secretion and processing are probably inherent to the protein 
domains being examined and not due to tissue-specific factors. 
Compared with COS cells, however, HMEC did show more 
efficient removal the N-terminal pro-region from the mem- 
brane-anchored AR constructs (ARP and ARTL), which may 
indicate higher levels of processing enzyme activity in the more 
appropriate cell type. 

The transmembrane and cytoplasmic domains of the precur- 
sor are not essential for AR production, since cells expressing 
just the extracellular sequences (PA construct) secreted bioac- 
tive protein at levels comparable to those found for the native 
precursor (Fig. 3 and 4). This result is consistent with reports 
that active recombinant EGF can be synthesized in the absence 
of a membrane anchor (60). However, the transmembrane 
domain apparently does play a role in the maturation of the 
ARP. Endoglycosidase H-sensitive PA precursor accumulated 
in the particulate fraction of cell extracts (Fig. 5), suggesting 
inefficient folding and transport out of the endoplasmic retic- 
ulum. More striking was the less efficient cleavage of the 
N-terminal pro-region, resulting in proportionately greater 
secretion of the 35-kDa form, gp35. For example, gp35 ac- 
counted for >50% of the AR secreted from PA-transfected 
184A1N4-TH cells, compared to 10 to 20% for ARP (Fig. 4A). 

Release of soluble TGF-a from its integral membrane 
precursor is thought to occur at the cell surface (63). Conceiv- 
ably, similar AR processing by a cell-associated protease could 
explain the increase in gp35 secretion from PA-transfected 
cells, since absence of the membrane anchor would diminish 
the amount of AR in close proximity to the plasma membrane. 
Indeed, the lack of detectable 18-kDa AR in extracts of these 
cells indicates that propeptide cleavage must occur either late 
in the secretory pathway or extracellularly. Also consistent with 
this hypothesis is the long lag time before initiation of native 
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ARP processing. In transfected 184A1N4-TH cells, N-terminal 
cleavage begins approximately 1 h after synthesis, and C- 
terminal cleavage begins only by 4 h (Fig. 6). 

In our experimental systems, deletion of the cytoplasmic 
domain alone did not prevent AR secretion. However, in 
comparison with the full-length precursor, this construct 
(ARTL) consistently produced a greater proportion of cell- 
associated material, although the relative differences were 
variable (Fig. 4A and C). The COS cell experiment depicted in 
Fig. 4C is a conservative example of this phenomenon; —65% 
of the mutant protein was found in the cell, compared with 
~40% for the native precursor. This observation is interesting 
in light of recent studies on pro-TGF-a, which demonstrate a 
role for the cytoplasmic domain in regulating release of mature 
factor from CHO and Ltk cells (8). Unstimulated cells retained 
most of the TGF-a on the membrane, but activators of protein 
kinase C or increases in cytosolic calcium levels lead to rapid 
and efficient cleavage of the ectodomain (44, 45). Critical for 
this response was the cytoplasmic carboxyl-terminal valine 
residue (8). Although it is tempting to speculate that the 
cytoplasmic domain of the ARP may function similarly, further 
characterization of the processing mechanism is required. An 
identical mechanism is unlikely, however, since the ARP 
terminates in Ala, a residue which was only 10% as effective in 
regulating TGF-a processing as Val, Leu, or He (8). 

In contrast to the transmembrane and cytoplasmic domains 
of AR, the N-terminal pro-region was essential for protein 
secretion. Two constructs lacking this domain (ARNP and 
NPA, with and without a membrane anchor, respectively) were 
synthesized but not released into the media. The transmem- 
brane ARNP was rapidly degraded (t m , <30 min) (Fig. 6), 
although the nonanchored NPA accumulated within the cell 
(Fig. 4). Since a construct with the identical leader sequence in 
the same context (ARNPAC [Fig. 9]) was efficiently secreted, 
the trivial explanation of a nonfunctional signal peptide was 
eliminated. Lack of secretion is frequently associated with 
protein misfolding, leading to either rapid turnover or reten- 
tion in the endoplasmic reticulum, often in associations with 
proteins such as BiP or as large insoluble aggregates (see 
references 26, 46, and 51 for reviews). Indeed, the absence of 
normal N-linked glycosylation for the pro-less mutants sug- 
gests they may be structurally aberrant; neither molecule was 
subject to endoglycosidase H digestion shortly after synthesis, 
and both migrated as —2 kDa smaller on SDS-PAGE than the 
corresponding native forms. The presence of anchor-less NPA 
in the particulate fraction of cell extracts would also be 
consistent with formation of insoluble aggregates. However, 
the reason for different intracellular fates of the anchored and 
nonanchored mutants is not known. 

The requirement of the pro-region for AR secretion is in 
direct contrast with results for both TGF-a (Table 1) and EGF. 
Active EGF is readily synthesized and secreted from mamma- 
lian cells without its Iargs N-terminal pro-domain, either in the 
presence or in the absence of a membrane anchor (17, 60). 
However, there are other examples in which a pro-domain is 
required for secretion or correct folding. For example, without 
their pro-sequences, NGF is unstable and is not secreted (61), 
activin and TGF-p accumulate intracellularly as insoluble 
aggregates (21), the interchain disulfide bonds necessary for 
functional von Willebrand factor oligomerization do not form 
(69), and many enzymes, such as subtilisin and carboxypepti- 
dase Y, do not achieve an active conformation (28, 67). For 
activin, TGF-p, and von Willebrand factor, the pro-region 
need not be contiguous with the rest of the precursor to allow 
secretion or oligomerization but can function when coex- 
pressed as a separate molecule (albeit inefficiently for TGF-p). 



In vitro, the isolated pro-region of subtilisin can direct proper 
folding of the denatured enzyme (72). In the case of AR, 
however, this domain apparently cannot complement the 
secretion defect when expressed in trans (unpublished data). 

Substituting the AR pro-region with the comparable region 
of proHB-EGF, but not that of proTGF-a, restores protein 
secretion (Fig. 7). Minimal primary sequence homology in this 
domain suggests a conserved structural motif. Possibilities 
include (i) secondary structure, such as the preponderance of 
P turns and lack of a helices predicted for both AR and 
HB-EGF pro-regions; (ii) a surface patch, consistent with their 
similar distribution of hydrophilic stretches; or (iii) a posttrans- 
lational modification common to pro-AR and pro-HB-EGF 
but absent in pro-TGF-a. If the pro-region does indeed direct 
folding and thus exit from the endoplasmic reticulum, modifi- 
cations occurring late in the secretory pathway (e.g., many 
types of carbohydrate maturation) are unlikely candidates for 
such a secretory motif. 

AR secretion was also restored by simultaneous removal of 
both the pro-region and the heparin-binding N-terminal do- 
main of the mature factor. Conversely, TGF-a secretion was 
inhibited by the AR N terminus and subsequently rescued by 
the presence of the AR pro-region. These observations suggest 
that the AR pro-region may function to prevent the heparin- 
binding sequences from interfering with folding of the EGF- 
like motif. This hypothesis could explain the different require- 
ments for AR and EGF or TGF-a expression. By removing its 
basic N terminus, AR becomes structurally more similar to 
EGF or TGF-a and can then be expressed without additional 
precursor sequences. A pro-region could fulfill such a function 
either by directly facilitating correct folding or by masking an 
inhibitory region in the basic domain. Direct effects on folding 
have been documented for numerous pro-proteins, including 
a-lytic protease, in which case pro-sequences accelerate the 
rate-limiting step in the folding pathway by more than 10 7 , and 
bovine pancreatic trypsin inhibitor, in which case a cysteine in 
the pro-region acts as a tethered thiol disulfide reagent to assist 
in native disulfide bond formation (2, 66). Masking inhibitory 
sequences implies a direct interaction between the pro-region 
and basic domains, which could also interfere with the heparin- 
binding function. In support of the second hypothesis, gp35 
(containing pro-region sequences) does have a lower affinity 
for heparin than 18-kDa AR does (unpublished data). 

The AR precursor plays a vital role in the production of 
bioactive factor. The N-terminal pro-region is required for 
export from the cell, while the transmembrane domain facili- 
tates its subsequent removal. However, additional functions for 
these domains are still possible. Soluble and integral mem- 
brane forms of a growth factor may have distinct biological 
roles, as in the case of Steel factor. In addition to the 
phenotypic evidence provided by the steel dicky (Sr*) mouse, 
the membrane-anchored factor is more effective at supporting 
survival of hematopoietic progenitor cells in vitro than is the 
soluble form (10, 20, 64). A variety of roles for N-terminal 
pro-regions have also been documented; they include provid- 
ing sites for signal peptide recognition and cleavage or precur- 
sor processing, targeting the protein to specific compartments 
in the secretory pathway, and directing posttranslational mod- 
ifications within the mature protein (23, 32, 56, 68). In the case 
of AR, a direct interaction between the N-terminal pro-region 
and the heparin-binding domain of the mature factor may 
modulate its activity. Important considerations for assessing 
physiological actions of AR should therefore include recogni- 
tion of its heparin-binding properties and whether high-molec- 
ular-weight or transmembrane forms exhibit distinct biological 
functions. 
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Human amphiregulin (AR) is a heparin-binding 
growth factor which functions by binding to and acti- 
vating the epidermal growth factor (EGF) receptor ty- 
rosine kinase. AR contains an EGF-like domain (resi- 
dues 44-84) and a Lys/Arg-rich NH 2 -terminal extension 
(residues 1-43). Synthetic peptides corresponding to 
residues 8-26, 26-44, and 68-84 of AR were tested for 
their ability to compete for the binding of AR to immo- 
bilized heparin. AR*~ M and AR 8 *" 84 had no significant 
effect on the binding of AR to heparin, whereas AR"" 4 
bound to heparin and blocked the binding of AR to hep- 
arin. Both soluble heparin and heparan sulfate inhib- 
ited AR-induced mitogenesis in MCF-10A human mam- 
mary epithelial cells with an IC M of 5 and 2 ug/ml, 
respectively, whereas soluble chondroitin sulfate had 
only a slight inhibitory effect. When MCF-10A cells were 
grown in the presence of chlorate, an inhibitor of sulfa- 
tion, or exposed to the glycosaminoglycan -degrading en- 
zymes heparitinase or heparinase, the ability of AR to 
evoke mitogenesis in these cells was lost. Chlorate, 
heparitinase, or heparinase treatment inhibited AR- 
induced autophosphorylation of tyrosine residues in the 
EGF receptor. None of these treatments had any signif- 
icant effect on EGF-triggered mitogenic signaling by the 
EGF receptor. These results indicate that extracellular 
heparan sulfate glycosaminoglycan is essential to AR- 
induced mitogenic signaling by the EGF receptor tyro- 
sine kinase. 



Human amphiregulin (AR) 1 is a heparin-binding polypeptide 
growth regulator which consists of an epidermal growth factor 
(EGF)-like domain and a yery basic NHj-terminal extension 
which contains glycosylation sites and putative nuclear local- 
ization signals (1-3). AR influences the proliferation of cells by 
binding to the extracelhdar domain of the EGF receptor 
(EGFR) which results in autophosphorylation of the EGFR, 
activation of the EGFR ^tyrosine kinase, and rapid tyrosine 
phosphorylation of a number of cellular substrates including 
pl85 eri,B2 (4). AR stimulates the proliferation of normal and 
malignant epithelial cells, fibroblasts, and keratinocytes (1-7). 
In vivo, AR is expressed by a large number of normal tissues (8) 
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but appears to be localized exclusively to the epithelium of the 
human colon (7, 9), stomach (10, 11), breast (12), and pancreas 
(13). AR has been shown to drive the proliferation of human 
colon carcinoma cells via an autocrine mechanism (7) and is 
commonly overexpressed in human cancers of the colon (7, 9, 
14, 15), breast (12, 16), stomach (10, 11, 15), and pancreas (13). 

Heparin affinity chromatography has been utilized to purify 
AR from the conditioned medium of human keratinocytes (2) as 
well as phorbol ester-treated human breast carcinoma cells (3), 
and 30 ug/ml of soluble heparin has been shown to inhibit the 
ability of AR to stimulate the growth of keratinocytes (2). In 
addition to AR, a number of heparin-binding growth factors 
have been discovered within the last several years which con- 
tain an EGF-like domain such as schwannoma-derived growth 
factor (SDGF) (17), heparin-binding EGF-like growth factor 
(HB-EGF) (18), betacellulin (19), heregulin (20), and neu dif- 
ferentiation factor (21). The bioactivity of AR appears to be 
mediated exclusively through the EGFR (4, 7), as may be the 
case for SDGF, HB-EGF, and betacellulin, whereas the action of 
heregulin and neu differentiation factor appears to involve the 
er6B2, er&B3, and/or er&B4 EGFR-like tyrosine kinases (22- 
25). Since it is very unlikely that these growth factors would 
ever encounter heparin in vivo (26), the physiological signifi- 
cance of their ability to bind heparin is not clear. Proteoglycans 
are proteins which contain covalently attached sulfated glyco- 
saminoglycan (GAG), exist on the surface of cells and in the 
extracellular matrix and are believed to play important roles in 
a wide range of biological processes which include cell division, 
morphogenesis and cancer (26-29). One important subset of 
these molecules is the heparan sulfate (HS) proteoglycan (30- 
32) whose HS chain is structurally related to heparin, but in 
general, is sulfated to a lesser degree. HS proteoglycan has 
been shown to be obligatory for the mitogenic activity of basic 
and acidic fibroblast growth factor (FGF) (33-37) and vascular 
endothelial growth factor (38). HS also appears to play an im- 
portant role in the HB-EGF stimulation of smooth muscle cell 
migration (39). 

Recently, we isolated multiple, structurally distinct forms of 
AR (3). The predominant ~16.5-kDa forms contained sialic 
acid-rich complex iV-linked oligosaccharide, in addition to O- 
linked carbohydrate. However, a non-glycosylated ~9.5-kDa 
species was also isolated which contained an intact EGF-like 
core, but had a truncated NH^-terminal extension. All of these 
forms bound strongly to heparin and were biologically active, 
demonstrating that the oligosaccharide moieties and the ex- 
treme NH 2 -terminal region of AR are not essential to heparin- 
binding nor bioactivity (3). This previous work alBO suggested 
that the ability of AR to bind heparin may be related to its 
ability to activate the EGFR tyrosine kinase. In this report, we 
provide strong evidence that extracellular HS GAG is essential 
to AR-triggered mitogenic signaling by the EGFR. 

EXPERIMENTAL PROCEDURES 

Purification ofAR — Human AR was purified to homogeneity from the 
conditioned medium of phorbol 12-myristate 13-acetate-treated MCF-7 
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human breast carcinoma cells by sequential heparin affinity, immuno- 
affinity, and reverse phase-high performance chromatography as de- 
scribed in Johnson et al. (3). 

Preparation of AR Peptides— Peptides corresponding to residues 
8-26 and 26-44 of AR were synthesized and purified as described pre- 
viously (7). The peptide corresponding to residues 68-84 of AR was 
prepared as described in Johnson et al. (3). 

Binding ofAR to Immobilized Heparin — Twenty-five ng of AR and 5 
pi of heparin cross-linked to agarose (~1 pg heparin/pl resin; Sigma) 
were added to 300 ul of 20 mil Hepes, 50 mw NaCl, pH 7.4 (buffer) in the 
absence or presence of 20 ug of AR peptide. The mixture was rotated end 
over end for 4 h at 4 "C and centrifuged, and the pellet was washed 
three times with 1 ml of buffer. The pellet was boiled for 5 min in 20 pi 
of SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer. SDS- 
PAGE and Western blotting were performed as described in Johnson et 
al. (3). 

Digestion of AR with N-Glycosidase F — One unit of N-glycosidase P 
(Boehringer Mannheim) was added to 100 ng of AR in 300 pi of 20 xtm 
Hepes, 50 mM NaCl, pH 7.4, and incubated for 4 h at 37 °C. 

Cell Culture and Mitogenesis Assay — MCF-10A human mammary 
epithelial cells were cultured and the mitogenesis assay was performed 
as described previously (3, 4). Briefly, 64 h after the addition of 250 pat 
AR or EGF (Life Technologies, Inc.), cells in 96-weIt plates were pulsed 
for 6 h with ('Hlthymidine (2 pCi/well; Amersham Corp.), DNA was 
harvested, and the incorporation of [ 3 H]thymidine into DNA was 
quantitated. 

EGFR Autophosphorylation Assay — Ligand-induced autophospho- 
rylation of tyrosine residues in the EGFR was measured as described in 
Johnson et al. (4). MCF-10A cells were plated into 100-mm dishes at a 
density of 785,000 cells per dish and after 2 days of growth were stimu- 
lated with 250 pM AR or EGF for 9 min at 37 "C. The EGFR was 
immunoprecipitated using E7 antiserum directed against the cytoplas- 
mic domain of the human EGFR (40), fractionated in an 8% SDS-PAGE 
gel, and transferred to a polyvinyl difluoride membrane, and tyrosine- 
phosphorylated EGFR was detected using biotinylated PY-20 antibody 
(ICN Biomedicals), streptavidin-horseradish peroxidase conjugate, and 
enhanced chemiluminescence (Amersham). 

Western Blotting Analysis of EGFR — Prior to immunoprecipitation of 
the EGFR in the autophosphorylation assay, aliquots of total cell crude 
lysates were taken to evaluate cellular EGFR levels. Proteins were 
fractionated in an 8% polyacrylamide SDS-PAGE gel and transferred to 
a polyvinyl difluoride membrane, and EGFR was detected using E7 
antiserum (40), the Vectastain ABC Elite kit (Vector Laboratories), and 
enhanced chemiluminescence. 

RESULTS 

Residues 26-44 ofAR Interact with Heparin— The binding of 
AR to immobilized heparin has greatly facilitated the purifica- 
tion of AR derived from the conditioned medium of human 
keratinocytes (2) and human breast carcinoma cells (3). To 
study the interaction of AR and heparin, a micro-assay was 
developed in which AR can be bound to a small quantity of 
heparin that has been cross-linked to agarose (5 ul). After 
washing the resin, bound AR can be released by boiling the 
resin in SDS-PAGE sample buffer. The AR is then fractionated 
in an SDS-PAGE gel and detected by Western blot analysis 
(Fig. 1). To identify heparin-binding regions in the AR molecule, 
various synthetic peptides which correspond to distinct regions 
ofAR were tested for the ability to block the binding of AR to 
immobilized heparin. Peptides which correspond to residues 
8-26 and 68-84 had no significant effect on the binding ofAR 
to immobilized heparin (Fig. 1A). However, the peptide corre- 
sponding to residues 26-44 bound to heparin, as evidenced by 
the fact that when the Western blot was performed using an- 
tibodies directed against residues 26-44 it resulted in a very 
strong immunopositive streak running down that lane of the 
gel (Fig. 1A). To confirm that AR 26 "* 4 bound to the same site on 
the heparin molecule as did AR and thus, could compete for the 
binding ofAR to heparin, the experiment was repeated and AR 
was detected in the Western blot using an antibody directed 
against residues 8-26 of AR (AR-Ab3). Since there are two 
potential A^-linked glycosylation sites within residues 8-26 of 
AR, it was necessary to first digest AR with N-glycosidase F so 
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Fig. 1. Effect of AR peptides on the binding of AR to immobi- 
lized heparin. Twenty-five ng of AR were added to 5 pi of heparin- 
agarose (~5 ug of immobilized heparin) in 300 pi of 20 mM Hepes, 50 mM 
NaCl, pH 7.4 (buffer), in the absence or presence of 20 ug of peptide 
corresponding to residues 8-26 ofAR (AH 8-26), 26-44 (AR 26-44), or 
68-84 (AR 68-84 ). After incubation for 4 h at 4 °C, the resin was washed 
three times with 1 ml of buffer and boiled in SDS-PAGE sample buffer. 
The sample was fractionated by SDS-PAGE under reducing conditions 
in a 16% acrylamide gel and transferred to a nitrocellulose membrane. 
The positions and molecular mass of marker proteins are shown to the 
left in kilodaltons. In A, the nitrocellulose membrane was probed with 
AR-Ab2 antibodies directed against residues 26-44 ofAR (3, 7). In B, AR 
was digested with iV-glycosidase F prior to performing the heparin- 
binding assay and the Western blot was probed with AR-Ab3 antibodies 
directed against residues 8-26 ofAR (3). The specificity of the antibod- 
ies used was confirmed by performing Western blot analyses using 
purified control preimmune antibodies (data not shown). 

that these antipeptide antibodies could recognize the molecule 
in Western blot analysis (3). As shown in Fig. IB, the AR Sfi-M 
peptide completely blocked the binding ofAR to heparin. These 
results demonstrate that residues 26—44 constitute a heparin- 
binding region in the AR molecule. 

Effect of Soluble GAGs on AR-Induced Mitogenesis in Human 
Mammary Epithelial Cells — Various soluble GAGs were then 
tested for the ability to affect mitogenesis evoked by AR and 
EGF in MCF-10A human mammary epithelial cells. MCF-10A 
is an immortalized nontransformed cell line in which the action 
of AR is mediated solely by the EGFR tyrosine kinase (4). 
Previous work from our laboratory has demonstrated that in 
MCF-10A cells there is an excellent correlation between AR- 
and EGF-driven increases in cell number and increases in the 
incorporation of [ 3 H]thymidine into DNA (DNA synthesis) (3, 
4). As shown in Fig. 2, both soluble heparin (Panel A) and HS 
(Panel B) inhibited mitogenesis induced by 250 pM AR with an 
IC M of 5 and 2 ug/ml, respectively. However, even at very high 
concentrations of soluble heparin or HS (100 pg/ml) complete 
inhibition ofAR action was not observed in MCF-10A cells (Fig. 
2). Soluble chondroitin sulfate was found to have only a slight 
inhibitory effect on AR-induced DNA synthesis (Fig. 2C) and 
none of the three GAGs had any significant effect on mitogen- 
esis triggered by EGF (Fig. 2, A-€). These results suggested 
that soluble HS/heparin compete with an extracellular HS-like 
GAG molecule for binding of AR and that the interaction be- 
tween this extracellular HS-like molecule and AR is important 
to the eventual activation of the EGFR. 

Chlorate Inhibits AR-triggered Mitogenesis and EGFR Auto- 
pliosphorylation in MCF-10A Cells — To determine if HS GAG 
produced by MCF-10A cells is critical to AR-induced mitogenic 
signaling by the EGFR, two distinct approaches were used. 
First, cells were grown in the presence of chlorate to specifically 
interfere with the proper biosynthesis of the sulfated GAG 
chains. Chlorate is a competitive inhibitor of ATP sulfurylase 
action because it competes with the recognition of sulfate by the 
enzyme (41). Growth of cells in the presence of chlorate results 
in reduced sulfation of GAGs (33). MCF-10A cells which were 
cultured in 10 min sodium chlorate lost the ability to respond to 
exogenous 250 pM AR (Fig. 3A). However, chlorate also had a 
slight inhibitory effect on mitogenesis induced by 250 pM EGF 
(Fig. SB). To confirm that the inhibition of cell growth caused 
by chlorate is via the competitive inhibition of sulfation, 5 mM 
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Fig. 2. Effect of sulfated glycosaminoglycans on AR-induced 
mitogenesis in human mammary epithelial cells. MCF-10A cells 

were cultured as described previously (4), plated into 96-well plates at 
a density of 2000 cells/well and a mitogenesis assay was performed (3) 
by adding 250 pM Aft or EGF in the absence or presence of various 
concentrations of soluble heparin (A), heparan sulfate (iJ), or chon- 
droitin sulfate (C) (Sigma). DNA synthesis was determined by quanti- 
fying the incorporation of PHlthymidine into DNA. Percent inhibition of 
DNA synthesis for each concentration of glycosaminoglycan was calcu- 
lated relative to the level of DNA synthesis achieved in the presence of 
growth factor and the absence of the glycosaminoglycan. Data points 
represent the mean ± S.E. of experiments performed in triplicate. Val- 
ues for incorporation of |'H]thymidine into DNA in the absence of gly- 
cosaminoglycan for the control (no growth factor), AR and EGF treat- 
ment were 8,512, 49,976, and 56,840 cpm/well, respectively. 
Chondroitin sulfate is a mixture of chondroitin sulfate A and C (Sigma). 
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Fig. 3. Inhibition by chlorate of AR-triggered autogenic signal- 
ing by the EGFR. MCF-10A cells were cultured for 3 days in medium 
(4) which lacked or contained 10 irrn sodium chlorate (CIO;) with or 
without an additional 5 am sodium sulfate (SOJ~). The cells were 
trypsinized and plated in the appropriate medium into 96-wcll plates 
(2,000 cells/well) for the mitogenesis assay (A and B) (3) or plated into 
100-mm dishes (785,000 cells/dish) for the EGFR autophosphorylation 
assay (C). Mitogenesis induced by 250 pM AR (A) or EGF (B) was 
measured by quantifying the incorporation of PHlthymidine into newly 
synthesized DNA (cpm/well) after a 64-h exposure to growth factor. 
Data points represent the mean ± S.E. of experiments performed in 
triplicate. The EGFR autophosphorylation assay (C) was performed as 
described previously (4). The cells were exposed to 250 pw AR or EGF for 
9 min and lysed, and the EGFR was immunoprecipitated using E7 
antiserum (40). The EGFR was fractionated in an 8% polyacrylamide 
SDS-PAGE gel, transferred to a polyvinyl difluoride membrane, and 
tyrosine-phosphorylated EGFR was detected using biotinylated PY-20 
antibody, streptavidin-horseradish peroxidase conjugate, and enhanced 
chemiluminescence. The bottom of Panel C represents a Western blot 
analysis of an aliquot of total cell crude lysate from each experimental 
dish which was probed with the anti-EGFR E7 antiserum. 

sodium sulfate was added to the medium in the presence of 10 
mM chlorate. Sulfate partially rescued the response of the cells 
to AR (Fig. 3A ), whereas sulfate had no significant effect on the 
minor inhibition that chlorate had on EGP-evoked mitogenesis 
(Fig. 36 ). These results indicate that the response of the cells to 
ARis dependent upon normal cellular ATP sulfurylase function 
whereas, the response of the cells to EGF, as expected, is inde- 
pendent of ATP sulfurylase activity. 
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Mitogenic signaling by the EGFR is believed to occur by 
ligand-triggered dimerization and autophosphorylation of the 
EGFR by an intermolecular /rans-mechanism (42). This acti- 
vation of the EGFR via autophosphorylation on tyrosine resi- 
dues results in access of the EGFR tyrosine kinase domain to 
cytosolic substrates and recruits signaling molecules with Src 
homology domains (SH2) which can specifically interact with 
tyrosine-phosphorylated regions of the EGFR. Activation of the 
EGFR via autophosphorylation appears to be a necessary phe- 
nomenon for AR-induced mitogenesis (4). Thus, we investigated 
the effect that chlorate had on the ability of AR to trigger 
autophosphorylation of the EGFR. Growth of the cells in 10 mM 
sodium chlorate significantly reduced the ability of 250 pw AR 
to drive autophosphorylation of tyrosine residues on the EGFR 
and the response of the EGFR to AR was completely rescued by 
5 mM sodium sulfate (Fig. SO. Neither chlorate nor chlorate 
plus sulfate had any significant effect on EGF-induced auto- 
phosphorylation of the EGFR (Fig. 3C1. Western blot analysis 
of cell lysates with anti-EGFR antibodies demonstrated that 
the treatment of the cells with chlorate had no significant effect 
on EGFR levels in the MCF-10A cells (bottom of Fig. 3C). 
Therefore, in the case of AR, autophosphorylation of the EGFR 
and the resultant mitogenic signaling by the EGFR is depend- 
ent upon the proper biosyntheis of a sulfated molecule. 

Treatment of Cells with Heparitinase or Hepariiiase Inhibits 
AR-induced Mitogenic Signaling by the EGFR — The second ap- 
proach used to study the role that GAGs play in mitogenesis 
elicited by AR involved the utilization of enzymes which cleave 
GAG chains at specific sites. Chondroitinase ABC (EC 4.2.2.4) 
catalyzes the removal of dermatan sulfate and chondroitin sul- 
fate side chains of proteoglycans ( 43) whereas heparitinase (EC 
4.2.2.8) and heparinase (EC 4.2.2.7) cleave distinct sites within 
HS GAG chains (44). Exposure of MCF-10A cells to either he- 
paritinase or heparinase almost completely blocked the ability 
of AR to drive mitogenesis, whereas chondroitinase ABC had no 
effect; on this phenomenon (Fig. 4A). Heparitinase and hepari- 
nase inhibited the AR-stimulated growth of the cells by ap- 
proximately 93 and 81%, respectively. Conversely, the stimula- 
tion of cell division elicited by EGF was not significantly 
affected by these G AG-degrading enzymes (Fig. 4B). Treatment 
of the cells with heparitinase or heparinase prior to the addi- 
tion of exogenous AR dramatically inhibited activation of the 
EGFR as evidenced by the lack of AR-triggered autophospho- 
rylation of tyrosine residues in the EGFR (Fig. 4C). In contrast, 
exposure of the cells to chondroitinase ABC had little or no 
effect on the response of the EGFR to AR (Fig. 4C). These 
enzymes did not significantly alter the ability of EGF to acti- 
vate the EGFR nor did they affect EGFR levels in the MCF-10A 
cells (Fig. 4C, bottom panel). These results demonstrate that 
the sulfated GAG which is critical to AR-induced mitogenic 
signaling by the EGFR is structurally very similar to HS 
but does not appear to be related to dermatan or chondroitin 
sulfate. 

DISCUSSION 

AR is a potent stimulator of proliferation in a number of 
different cell types including normal and malignant epithelial 
cells, fibroblasts and keratinocytes (1-7). Overexpression of AR 
has often been observed in human malignancies of the breast, 
colon, stomach and pancreas (7, 9-16) and in human colon 
carcinoma cells AR can function as an autocrine growth stim- 
ulator (7). However, AR is also expressed by epithelial cells in a 
number of normal human tissues including the mammary 
gland (7, 9-13). AR has been shown to act as an autocrine 
growth factor for normal human mammary epithelial cells (45, 
46) and to function as an autocrine growth stimulator in MCF- 
10A cells when they are transformed by overexpi'ession of ac- 
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Fto. 4. Inhibition of AR-induced EGFR mitogenic signaling by 
heparitinase and heparinase. MCF-10A cells were plated into 96- 
well plates at a density of 2,000 cells/well and a mitogenesis assay was 
performed (3) by adding 250 pM AR (A) or EGF (B) in the absence or 
presence of 0.017 unit/ml of chondroitinase ABC (CAT), heparitinase 
(.HT), or heparinase (HR) (1CN Biomedicals). Every 12 h, 5 ml of me- 
dium with or without 0.0017 unit of the appropriate enzyme were added 
to each well. Mitogenesis was measured by quantifying the incorpora- 
tion of [•'Hlthymidine into newly synthesized DNA (counts/min/well) 
after a 64-h exposure to growth factor. Data points represent the mean 
± S.E. of experiments performed in triplicate. The EGFR autophos- 
phorylation assay (C) was performed exactly as described under "Ex- 
perimental Procedures" except that, prior to exposure to 250 pM AR or 
EGF, glycosaminoglycan chains were digested by treating the cells for 1 
h at 37 °C with 0.02 unit/ml of chondroitinase ABC (CH), heparitinase 
(HT), or heparinase (HR). The bottom of Panel C represents a Western 
blot analysis of an aliquot of total cell crude lysate from each experi- 
mental dish which was probed with the anti-EGFR E7 antiserum. 



tivated ras or the EGFR-like tyrosine kinase er&B2 (47). The 
work which we have reported here demonstrates that extracel- 
lular HS GAG chains play a very important role in AR action in 
human mammary epithelial cells and are essential to the mi- 
togenic activation of the EGFR which is evoked by AR. 

It seems most probable that these HS chains exist on the 
surface of the cell where they can be covalently linked to an 
integral membrane protein as in the case of the syndecans (30, 
31) or linked to cell surface lipid via glycosyl phosphatidylinosi- 
tol (PI) as in the case of glypican (32, 48). Treatment of MCF- 
10A cells with phosphatidylinositol-specific phospholipase C 
had no effect on AR-induced mitogenesis suggesting that the 
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HS chains essential to AR functioning are not phosphatidyl- 
inositol-anchored. 2 It has been shown that a high affinity re- 
ceptor for acidic FGF contains covalently attached HS (37). 
However, even though there are 4 potential GAG attachment 
sites in the extracellular domain of the EGPR (49) treatment of 
the cells with the GAG-degrading enzymes had no apparent 
effect on the migration of the EGFR under conditions of reduc- 
ing SDS-PAGE (Fig. 4C, bottom panel). Thus, the HS chains 
which are critical to AR-triggered mitogenic signaling by 
the EGFR do not appear to be covalently linked to the EGFR 
itself, but may be attached to one or more syndecan-like 
proteoglycans. 

On formalin-fixed A431 cells and immobilized plasma mem- 
brane preparations, AR is significantly less effective than EGF, 
at competing for the binding of !25 I-EGF to the EGFR (1). Con- 
versely, AR is as potent as EGF in stimulating mitogenesis in 
MCF-10A cells (4, 47). One interpretation of these findings is 
that on living cells, HS chains stabilize a mitogenic signaling 
complex between AR and the EGFR. In the case of basic FGF, 
soluble heparin can substitute for the presence of the HS pro- 
teoglycan and can reconstitute the biological action of basic 
FGF in cells which lack the requisite HS proteoglycan (33-36). 
The addition of soluble heparin or heparan sulfate at concen- 
trations ranging from 0.1 ng/ml to 10 ug/ml into the culture 
medium did not reconstitute the mitogenic response in chlo- 
rate-treated MCF-10A cells exposed to AR. 2 This strongly sug- 
gests that the HS chain(s) that are essential to AR-triggered 
activation of the EGFR need to be tethered to the cell surface. 

Unlike EGF and transforming growth factor-a (TGF-a), but 
similar to HB-EGF, AR contains a very basic NH 2 -terminal 
extension, relative to its EGF-like domain (1). The finding that 
a synthetic peptide corresponding to this region of AR (residues 
26—44) binds to heparin -agarose and can compete for the bind- 
ing of AR to heparin-agarose strongly suggests that this region 
of AR is at least partially involved in the interaction with HS 
which is required for AR-induced mitogenic signaling by the 
EGFR. Consistent with this observation is the fact that a ho- 
mologous region in HB-EGF appears to be directly involved in 
the interaction between HB-EGF and heparin (50) and HS 
appears to be necessary for HB-EGF stimulation of smooth 
muscle migration (39). Therefore, it is plausible that mechanis- 
tically, HB-EGF may function in a manner similar to AR. 
Whether HS GAG is required for all the biological responses 
elicited by AR and HB-EGF remains to be seen. 

Also contained within residues 26-44 of AR are two putative 
nuclear localization signals (1) and indeed, immunoreactive AR 
has been detected in the nucleus of cells in vitro and in vivo (6, 
7, 9-13). The addition of exogenous 125 I-AR to several human 
carcinoma cell lines results in a preferential association of ra- 
diolabeled AR with nuclei, relative to radiolabeled EGF (51). 
Further, expression of SDGF (rat AR) lacking the secretory 
signal peptide results in nuclear accumulation of SDGF (52). It 
is possible that this very basic NH 2 -terminal region of AR per- 
forms distinct functions depending upon whether AR is intra- 
cellular or extracellular. Lastly, the finding that an accessory 
molecule containing HS is needed for efficient AR action pro- 
vides a mechanism by which AR may act in a more specific 
manner, relative to EGF and TGF-a. Since the EGFR is ex- 
pressed on numerous different cell types in vivo, AR action, 
in contrast to that of EGF and TGF-a, may be specifically 
targeted to cells which co-express EGFR and the proper HS 
proteoglycan(s). 
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Increasing resistance to currently available influenza antivirals highlights the need to develop alternate ap- 
proaches for the prevention and/ or treatment of influenza. DAS 181 (Fludase), a novel sialidase fusion protein that 
enzymatically removes sialic acids on respiratory epithelium, exhibits potent antiviral activity against influenza A 
and B viruses. Here, we use a mouse model to evaluate the efficacy of DAS181 treatment against a highly patho- 
genic avian influenza H5N1 virus. When used to treat mice daily beginning 1 day before infection with A/Vietnam/ 
1203/2004(H5N1) virus, DAS181 treatment at 1 mg/kg/day protected 100% of mice from fatal disease, prevented 
viral dissemination to the brain, and effectively blocked infection in 70% of mice. DAS 1 8 1 at 1 mg/kg/ day was also 
effective therapeutically, conferring enhanced survival of H5N1 virus- challenged mice when treatment was be- 
gun 72 h after infection. This notable antiviral activity underscores the potential utility of D AS1 81 as a new class of 
drug that is effective against influenza viruses with pandemic potential. 



Since late 2003, highly pathogenic avian influenza 
(HPAI) H5N1 viruses have devastated poultry popula- 
tions across Asia, Europe, and Africa and have caused 
>300 laboratory-confirmed human infections, with a 
fatality rate of —60% [ 1 ] . These events highlight the po- 
tential for a pandemic strain, such as H5N1, to arise 
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from avian species. In such an event, effective antiviral 
drugs will be an essential control measure, particularly 
in the first stages of a pandemic when antigenically well- 
matched vaccines are not yet available [2]. Currently li- 
censed anti-influenza drugs consist of the adamantine 
M2 ion-channel blockers and the neuraminidase inhib- 
itors, oseltamivir and zanamivir [3, 4]. Unfortunately, a 
majority of clade 1 and some clade 2 H5N1 viruses cir- 
culating in southeast Asia are resistant to the M2 
blockers [5-8]. Isolation of quasispecies that include 
oseltamivir-resistant variants from H5N1 virus-in- 
fected patients has raised further concerns that existing 
antiviral modalities for H5N1 viruses are inadequate [9, 
10] and emphasize the need to develop novel therapeutic 
agents that are effective against avian influenza viruses 
with pandemic potential [11]. 

Influenza viruses initiate infection by binding to ter- 
minal sialic acid receptors on glycoconjugates on the 
surface of susceptible host cells. Therefore, a drug with 
sialidase activity that can remove available receptors on 
human airway epithelium has the potential to prevent or 
reduce the infectivity of multiple influenza subtypes. 
DAS181 (Fludase) is a recombinant fusion protein con- 
sisting of a sialidase catalytic domain derived from Acti- 
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nomyces viscosus fused with a respiratory epithelium-anchoring 
domain that tethers the drug to the site of influenza virus infec- 
tion in humans and cleaves both a(2,6)-linked and a(2,3)- 
linked sialic acid receptors, which are preferentially recognized 
by human and avian/equine influenza viruses, respectively [ 12] . 
DAS 181 has exhibited potent antiviral activity against both in- 
fluenza A and B viruses in vitro and has reduced replication of 
H1N1 viruses in mice and ferrets [12]. However, the in vivo 
activity of the drug against avian influenza viruses with pan- 
demic potential is not known. Here, we demonstrate that 
DAS 1 8 1 can effectively protect mice from lethal disease, signifi- 
cantly reduce virus replication, and even prevent infection with 
an HPAI H5N1 virus. 

MATERIALS AND METHODS 

Virus. The HPAI A/Vietnam/1203/2004(H5N1) virus (hereaf- 
ter, VN/1203) was grown in the allantoic cavity of 10-day-old 
enbryonated hens' eggs at 37°C. Allantoic fluid was collected 
26 h after inoculation and stored in aliquots at - 70°C. The EID 50 
titer was determined by serial titration of virus in eggs and was 
calculated by the method of Reed and Muench [13]. All experi- 
ments with highly pathogenic viruses were conducted under 
biosafety level 3 containment, including enhancements required 
by the US Department of Agriculture and the Select Agent Pro- 
gram [14]. Laboratory workers wore appropriate respiratory 
equipment at all times (RACAL Health and Safety). Animal re- 
search was approved by the Centers for Disease Control and 
Prevention's Institutional Animal Care and Use Committee and 
was conducted in an Association for Assessment and Accredita- 
tion of Laboratory Animal Care International-accredited ani- 
mal facility. 

Infection of mice and challenge experiments. Six-to-eight- 
week-old female BALB/c mice (Charles River Laboratories) were 
lightly anesthetized with C0 2 , and 50 fjuL of infectious virus di- 
luted in PBS was inoculated intranasally (inl). The MLD 50 of 
VN/1203 was determined as described elsewhere [15]. To eval- 
uate the degree of drug efficacy, mice were challenged inl with 3 
MLD 50 (1 X 10 2 - 3 EID 50 )orl.5MLD 50 (l X 10 20 EID 50 ) ofVN/ 
1203. Three to five mice per group were killed 6 or 9 days after 
infection. Lung and brain tissues were collected and titrated for 
virus as described elsewhere [ 1 5 ]. Briefly, whole lungs and brains 
were collected and homogenized in 1 mL of PBS, clarified by 
centrifugation, and serially titrated in eggs. Virus titers were ex- 
pressed as the mean ± SE log I0 EID 50 /mL. The remaining 12-20 
mice in each group were observed daily for weight loss and sur- 
vival for 21 days. 

Treatment of mice with DAS181. BALB/c mice were anes- 
thetized by intraperitoneal injection with 100 mg/kg ketamine 
before treatment with DAS181 or placebo (sterile PBS); 10 U (8 
ju.g) or 30 U (23 jxg) of DAS181 or PBS was delivered inl to 
respiratory mucosa in a 50-^tL volume once or twice daily for a 



total of 7 or 8 days. One unit of DAS181 is equivalent to 0.77 jug 
of protein. To evaluate the prophylactic and therapeutic efficacy 
of DAS 181 against an HPAI H5N 1 virus, mice were treated with 
DAS181 starting 24 h before or 24, 48, or 72 h after inl infection 
with VN/1203. 

Serum collection and antibody assays. Serum samples 
were isolated from blood collected from the orbital plexus 
of mice and treated with receptor-destroying enzyme from 
Vibrio cholerae (Denka-Seiken) before testing for the presence 
of H5 hemagglutinin (HA)-specific antibodies [16]. The 
hemagglutination-inhibition (HI) assay was performed using 4 
hemagglutinating units of VN/1203 and 1% horse red blood 
cells, as described elsewhere [ 17] . Serum samples with titers 3=40 
(3=log 2 5.32), indicating a 3=4-fold increase in antibody com- 
pared with preinfection titers, were considered to be positive for 
H5 antibody. H5 HA-specific IgG antibody was detected by 
ELISA. The ELISA was performed as described elsewhere [18], 
except that 1 /xg/mL of purified baculovirus-expressed H5 re- 
combinant VN/ 1203 HA protein was used to coat plates (Protein 
Sciences). The ELISA end-point titers were expressed as the 
highest dilution that yielded an optical density >2 times the 
mean plus SD of similarly diluted negative control samples. A 
titer >100 was considered to be positive. Because the ELISA is 
generally more sensitive than the HI in the detection of influenza 
virus-sensitive antibody, a positive result by ELISA was consid- 
ered to be evidence of productive H5N1 virus infection in mice; 
untreated and uninfected (naive) mice have HI antibody titers 
s= 10 and IgG titers < 100. 

Statistical analysis. Mean time-to-death values were calcu- 
lated by the SAS life test; mice that survived the observation 
period were assigned a value 2 1 days for this life test. The survival 
function was calculated by the Kaplan-Meier method, and haz- 
ard ratios were established by the Cox proportional hazards re- 
gression model. The significance of survival in test groups versus 
the placebo group was determined by Fisher's exact test. The 
significance of weight loss in mice was determined by analysis of 
variance. The significance of viral titers was determined by a 
2-tailed Student's t test; P < .05 was considered to indicate sig- 
nificance. All statistical analyses were performed with SAS for 
Windows software (version 9.1; SAS Institute). 

RESULTS 

Prophylactic efficacy of DAS181 against a highly virulent 
H5N1 virus in mice. A previous study determined that 
DAS181 at a dose range of 0.3 to 1 mg/kg/day was effective in 
inhibiting replication of a neurotropic H1N1 influenza virus in 
BALB/c mice [12]. To evaluate the prophylactic efficacy of 
DAS181 against a highly virulent H5N1 virus, BALB/c mice were 
treated inl with 1 mg/kg DAS181 once daily or 0.33 mg/kg 
DAS181 once or twice (0.66 mg/kg/day, or —0.7 mg/kg/day) 
daily for 7 days beginning 1 day before challenge with 3 or 1.5 
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Table 1. Survival in mice prophylactically administered DAS181 and lethally challenged with A/Vietnam/1203/2004(H5N1) virus 
(VN/1203). 



Total dose per day 3 


Mean weight loss on day 5 
after infection, % 


No. infected/total 
no. (%) b 


No. of survivors/total 
no. (%) c 


Time to death, 
mean ± SE, days d 


Hazard ratio 
for death 


3 MLDso challenge 


1 mg/kg 


0.0= 


4/12(33) 


12/12(100)° 


>21 .0 ± 0.0 a 
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1 mg/kg ' : ". 


-»v3 ' §1 SIB T 11 


4/,14(29) 


14/14(100)" 


>21.0 ± 0.0" 


0.000° 


0.7 mg/kg' 


6.2 s 


13/16 (81) 


15/16(94)9 


20.2 ± 1.1" 


0.013" 


0.3 mg/kg 




12/17 (71) 


8/17(47) 


12.3 ±0.6" 


0.137" 


PBS' 


16.2 


16/16 (100) 


0/16(0) 


7.3 ± 0.4 


1.000 



3 Once- or twice-daily dosing of DAS181 or vehicle only (PBS) for 8 days commencing 24 h before virus challenge. Challenge was with 3 or 1.5 MLDhj of 
VN/1 203; mice were challenged intranasal^ with VN/1 203 after 2 or 3 treatments. 

b No. of mice that became infected or that were positive for antibody to VN/1203 as detected by hemagglutination-inhibition assay or ELISA per the total no. 
of mice. 

c No. of survivors per the total no. of mice; mice were monitored daily for survival and weight loss for 21 days after challenge. 
d Mean day of death for all mice in each group; mice that survived the observation period (21 days) were given a value of 21 . 
" P< .0001, compared with the PBS control group. 
' Mice received 0.3 mg/kg DAS181 twice daily. 
9 P< .05, compared with the PBS control group. 



MLD 50 of VN/1203. Mice were monitored daily for 21 days for 
weight loss and survival. Mice treated with DAS181 at 1 mg/kg/day 
and challenged with either virus dose were completely protected 
from death and effectively lost no weight (P < .0005), whereas 
100% of mock-treated mice (PBS) died of infection, with a mean 
weight loss of 16% on day 5 after infection and a mean time to 
death of ~7 days (table 1 and figure 1A and 15). Mice that re- 



ceived DAS181 at 0.3 or 0.7 mg/kg/day also exhibited a signifi- 
cant reduction in weight loss (P < .05) and enhanced survival, 
compared with mock-treated mice. In particular, at 0.7 mg/kg/ 
day, DAS181 reduced mortality by 70% and 94% (P < .05) in 
mice challenged with 3 or 1.5 MLD 50 , respectively. 

To assess the effect of DAS181 treatment on H5N1 virus rep- 
lication and systemic spread, we next determined viral titers in 
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Figure 1. Prophylactic efficacy of DAS181 against a highly virulent H5N1 virus in mice. Mice were administered 1 mg/kg DAS181 once daily, 0.3 
mg/kg DAS181 once or twice (0.7 mg/kg/day) daily, or PBS from 1 day before challenge to 6 days after infection. Mice were challenged with 3 or 1.5 
MLD 5D of A/Vietnam/1203/2004(H5N1) virus and monitored daily for survival (/land B). Mean ± SE virus titers in the lungs (black bars! and brains (white 
bars) of mice are shown on day 6 after infection (C and O). The limit of detection is 1 x 10'- 5 EID 50 /mL for lungs and 1 x 10°- 8 EIDaj/mL for brains 
(horizontal line). *P< .05 and **P< .005, compared with PBS-treated mice (Student's f test). 
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Figure 2. Hemagglutinin (HA)-specific hemagglutination-inhibition (HI) and IgG antibody (Ab) titers in serum from mice surviving challenge with a 
highly virulent H5N1 virus. Serum samples were collected from mice that were treated with DAS181 as indicated and that survived challenge with 3 
or 1.5 MLD 50 of A/Vietnam/1203/2004(H5N1) virus; samples were tested for the presence of HI Ab (A and B) and IgG Ab by ELISA (Cand D). A positive 
result by ELISA was considered to be evidence for productive H5N1 infection in mice. The limit of detection for IgG Ab titer is 100. HI Ab titers s=40 
(log 2 5.32) reflect a 4-fold rise above that in preinfection serum and are considered to be positive. tControl mice treated with PBS did not survive to 
4 weeks after infection. 



the lungs and brains of mice 6 days after infection, when virus 
replication in these organs peaks in untreated mice [15, 19]. 
Treatment of mice with any dose of DAS 1 8 1 reduced virus titers 
in the lungs by at least 10,000-fold, compared with those in 
mock-treated mice (figure 1C and ID); similar results were ob- 
served with either challenge dose of VN/1203. Strikingly, virus 
was not detected in the brains of mice receiving DAS181 at any 
dose. 

Blocking of influenza virus infection in mice after prophy- 
lactic administration of DAS181. To assess the extent to 



which mice administered DAS181 were actually infected with 
the H5N1 virus, we determined the levels of H5-specific HI or 
IgG antibody in serum samples collected from surviving mice 
(table 1 and figure 2). H5-specifk antibody was detected in a 
majority of survivors that received DAS181 at 0.3 or 0.7 mg/kg/ 
day but in only one-third of survivors that received DAS181 at 1 
mg/kg/day, indicating that a majority of mice receiving this dose 
were not productively infected with VN/1203. This effect was 
seen at either challenge dose of VN/1203. These results demon- 
strate that daily inl delivery of DAS181 significantly reduced 



Table 2. Survival in mice therapeutically administered DAS181 after lethal challenge with A/Viet- 
nam/1203/20Q4(H5N1) virus (VN/1203). 







Mean weight loss 








Dose per 


Dosing 


on day 5 after 


No. of survivors/total 


Time to death, 


Hazard ratio 


treatment 8 


schedule" 


infection, % 


no. (%) c 


mean ± SE, days d 


for death 


1 mg/kg 


24 h before 


5.6" 


19/20 (95)° 




0.007" 


1 mg/kg 


24 h after 


18.2 


14/20(70)° 


1 1 .4 ± 0.4" 


0.046" 


1- mg/kg ; 


48 h after 


;v: \ 17.1 


7/20"|35) f 


10.-? ±0.4" 


0.133" 


1 mg/kg 


72 h after 


13.3 


3/20 (1 5) 


9.5 ± 0.3 s 


0.209" 


PBS 


24 h after 


22.0 


c/20io; 


6.9 ±0.3 


1.000 



3 Once-daily dosing of DAS181 or vehicle only (PBS) for 8 days (24 h before) or 7 days. Challenge was with 3 MLD50 
VN/1 203. 

b Dosing commenced 24 h before or 24, 48, or 72 h after virus challenge. 

c No. of survivors per the total no. of mice; mice were monitored daily for survival and weight loss for 21 days after 
challenge. 

d Mean day of death for all mice in each group; mice that survived the observation period (21 days) were given a value 
of 21. 

e P< .0001, compared with the PBS control group. 
' P< .05, compared with the PBS control group. 
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Figure 3. Therapeutic efficacy of DAS181 against a highly virulent H5N1 virus in mice. Mice were administered DAS181 at 1 mg/kg/day or PBS daily 
for 7-8 days as indicated. Mice were challenged with 3 MLD 50 of A/Vietnam/1Z03/2004(H5N1) virus and monitored daily for survival (A). Mean ± SE 
virus titers in lungs (B) or brains (C) of mice on day 6 (black bars) or day 9 (white bars) after infection are shown. The limit of detection (horizontal line) 
is 1 x 1 0 1 5 EIDjo/mL for lungs and 1 x 1 0°- 8 EIDjo/mL for brains. tControl mice treated with PBS did not survive to day 9. *P < .05 and **P < .005, 
compared with PBS-treated mice (Student's t test). 



H5N1 virus replication and spread and, at a dose of 1 mg/kg/day, 
protected 100% of mice from death and a majority of mice from 
infection with a highly virulent H5N1 virus. 

Therapeutic efficacy of DAS181 against a highly virulent 
H5N1 virus in mice. We next evaluated the therapeutic activ- 
ity of inl DAS181 at 1 mg/kg/day when treatment was initiated 
24, 48, or 72 h after challenge with 3 MLD 50 of VN/1203. As a 
control for antiviral efficacy, one group of mice received drug at 
1 mg/kg/day starting 24 h before challenge; this group exhibited 



a 95% survival rate, similar to that observed in the previous ex- 
periment. Therapeutic administration of DAS181 was unable to 
protect mice from infection with VN/1203, as demonstrated by 
substantial weight loss between groups that was not statistically 
significant regardless of the day treatment was initiated. When 
treatment was delayed until 24 h after infection, mice exhibited 
substantial weight loss but had a significantly delayed mean time 
to death compared with the mock-treated group (P < .0001), 
and, remarkably, 70% of treated mice survived the lethal chal- 
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lenge (P < .0001). Delaying treatment until 48 or 72 h after 
infection reduced overall survival to 35% and 15%, respectively 
(table 2 and figure 3A). 

We next determined the effect of postchallenge treatment on 
viral titers on days 6 and 9 after infection, to establish whether 
viral load increased after cessation of treatment. When treat- 
ment was begun 1 day before challenge and completed on day 6 
after infection, day 6 and 9 lung viral titers remained at least 5 
logs lower than those detected in mock-treated mice; day 9 titers 
were not significantly higher than those detected on day 6 after 
infection (figure 3B). As expected, delaying treatment until after 
challenge resulted in substantially more virus replication in 
mouse lungs, but, nevertheless, titers were lower than those in 
mock-treated mice in all groups. Furthermore, in mice that be- 
gan treatment 1 day after challenge and that ceased treatment on 
day 8 after infection, day 9 lung virus titers were dropping and 
not rebounding. Postchallenge treatment with DAS181 was un- 
able to prevent virus spread to the brain (figure 3C); however, 
treatment started as late as 72 h after infection significantly re- 
duced viral titers in the brain on day 6 after infection These 
results suggest that DAS181 treatment, even when initiated early 
after infection, was able to control virus replication until late in 
infection, providing time for adaptive immune responses to 
come into play. 

DISCUSSION 

High viral burden has been implicated as a critical feature of 
H5N1 virus pathogenesis in humans [20], suggesting that clini- 
cal management of human H5N1 disease should focus on sup- 
pression of virus replication through the use of effective antivi- 
rals. In the present study, we have demonstrated that the novel 
sialidase fusion protein DAS181 has dose-dependent antiviral 
activity in mice against a highly virulent H5N1 virus isolated 
from a human with a fatal case of influenza. When delivered 
before challenge at a dose of 1 mg/kg/day, DAS 181 not only 
protected mice from lethal disease but completely blocked infec- 
tion in —70% of mice. DAS 181 was also effective when admin- 
istered after challenge. Most importantly, after a 7-day treatment 
regimen, there was no significant increase in viral titers after 
cessation of treatment. 

The mouse model has been widely used to evaluate the efficacy 
of neuraminidase inhibitors against both human and avian in- 
fluenza viruses [21-24]. The efficient replication and systemic 
spread of VN/1203 in the mouse without the need for prior ad- 
aptation made this an appropriate choice to evaluate the antivi- 
ral efficacy of DAS1 81 here. Yen et al. [25] demonstrated that an 
8-day prophylactic oseltamivir regimen delivered twice daily was 
required for optimal survival of mice after infection with VN/ 
1203, whereas a previous study found that a 5-day oseltamivir 
regimen was effective against a less virulent 1997 H5N1 strain 
[24]. At doses of 1 or 10 mg/kg oseltamivir, the 8-day regimen 



protected 60% and 80% of mice from death, respectively, with 
the higher dose required to prevent viral replication in the brain 
[25]. The present study, using a challenge dose of VN/1203 that 
elicited similar if not higher levels of virus replication than in the 
study by Yen et al. [25], found that 1 mg/kg DAS181 conferred 
complete survival by significantly reducing lung viral titers and 
preventing dissemination of H5N1 virus to the brain. Further 
assessment of these 2 antiviral strategies awaits a side-by-side 
comparison. Even so, the prophylactic prevention of infection 
and significant therapeutic antiviral activity demonstrated by 
DAS181 in the present study against a highly virulent H5N1 
virus is unprecedented. 

Whereas currently available influenza antiviral treatments 
target viral gene products, DAS 181 targets host cellular recep- 
tors, which may offer a decreased opportunity for the emergence 
of resistance. Nevertheless, it will be important to evaluate care- 
fully the potential for selection of receptor-binding variants after 
DAS 181 treatment. The remarkable in vivo efficacy against a 
highly virulent avian H5N1 virus highlights the potential of DAS 1 8 1 
as an effective antiviral agent for both seasonal and pandemic influ- 
enza. A phase 1 clinical trial of DAS181 will begin in late 2007. 
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Influenza is a highly infectious disease characterized by recurrent annual epidemics and unpredictable 
major worldwide pandemics. Rapid spread of the highly pathogenic avian H5N1 strain and escalating human 
infections by the virus have set off the alarm for a global pandemic. To provide an urgently needed alternative 
treatment modality for influenza, we have generated a recombinant fusion protein composed of a sialidase 
catalytic domain derived from Actinomyces viscosus fused with a cell surface-anchoring sequence. The sialidase 
fusion protein is to be applied topically as an inhalant to remove the influenza viral receptors, sialic acids, from 
the airway epithelium. We demonstrate that a sialidase fusion construct, DAS181, effectively cleaves sialic acid 
receptors used by both human and avian influenza viruses. The treatment provides long-lasting effect and is 
nontoxic to the cel|s. DAS181 demonstrated potent antiviral and cell protective efficacies against a panel of 
laboratory strains and clinical isolates of IFV A and IFV B, with virus replication inhibition 50% effective 
concentrations in the range of 0.04 to 0.9 nM. Mouse and ferret studies confirmed significant in vivo efficacy 
of the sialidase fusion in both prophylactic and treatment modes. 



Influenza, caused by infection with influenza virus A (IFV 
A) and IFV B, carries enormous direct and indirect socioeco- 
nomic impacts. Since 1997, a new avian IFV A virus of the 
H5N1 type has been causing epidemics in wild birds, as well as 
in domestic poultry. Alarmingly, human infections by this virus 
are also on the rise. Thus far, >100 people have been con- 
firmed to be infected by the virus and >50 of them have died 
(5). Evidence has also shown that since 1999, the H5N1 virus 
has been evolving rapidly in ducks and has become increasingly 
pathogenic in both chicken and mice (7). All of these are 
serious warning signs that a pandemic may be imminent. No 
vaccine is currently available against the future pandemic virus. 
The neuraminidase inhibitor (NAI), oseltamivir, was linked to 
a surprisingly high frequency of drug-resistant viruses in chil- 
dren (26). Oseltamivir- resistant H5N1 virus has also been iso- 
lated from a patient who had been taking the drug as a pro- 
phylactic measure (27). For these reasons, it is imperative to 
develop alternative approaches to prevent and treat influenza. 

The host cell receptors for influenza A and B viruses are cell 
surface sialic acids (20). The predominant type of sialic acids is 
N-acetylneuraminic acid (Neu5Ac), which is the biosynthetic 
precursor for most of the other types. In nature, Neu5Ac is 
mostly linked to the penultimate galactose residues of carbo- 
hydrate side chains via a(2,3)- or a(2,6)-linkages. Both 
Neu5Ac c<(2,3)-Gal and Neu5Ac a(2,6)-Gal molecules can be 
recognized as a receptor by influenza viruses (44), but human 
viruses prefer a(2,6)-linked sialic acid, whereas avian and 
equine viruses predominantly recognize a(2,3)-linked sialic 
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acid (20). The human respiratory epithelium expresses both 
forms of sialic acids, but a(2,6)-linked sialic acid is more abun- 
dant than a(2,3)-linked sialic acid (15, 29). This explains the 
fact that avian influenza viruses can infect humans, although 
the infection is very inefficient. The relatively low abundance of 
a(2,3)-Iinked sialic acid in human airway epithelium in large 
part causes the species barrier for avian viruses. This demon- 
strates that merely reducing the sialic acid level on the airway 
surface would have significant impact on IFV infectivity to 
humans. 

To render the target cells inaccessible to influenza viruses, 
we generated a novel recombinant fusion protein consisting of 
a sialidase fused with a respiratory epithelium-anchoring do- 
main. Sialidases, also referred to as neuraminidases, are a family 
of exoglycosidases that catalyze the removal of terminal sialic 
acid residues from various glycoconjugates, such as glycopro- 
teins and glycolipids. Sialidases were previously demonstrated 
to be effective inhibitors of influenza virus infection in vitro. 
Even before sialic acid was proven to be the receptor for 
influenza viruses, it was observed that when sialic acid was 
enzymatically removed from the cell surface, the cells were less 
susceptible to infection by influenza viruses (12). In several 
experiments performed much later, MDCK (Madin-Darby ca- 
nine kidney) or EAC (Ehrlich ascites carcinoma) cells were 
briefly treated with Vibrio cholerae sialidase and then infected 
with influenza virus. Influenza virus infections were decreased 
by 90 to 100% as a result of the sialidase treatment (6, 13, 52). 
Micromonospora viridifaciens sialidase was also used to destroy 
cellular influenza virus receptors in cell culture assays (2). In 
another case, influenza virus NA, which is also a sialidase, was 
expressed in CV-1 cells by vaccinia virus. The cells expressing 
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the flu NA were resistant to subsequent influenza virus infec- 
tions (9). 

More than 15 sialidase proteins have been purified from 
microbes and higher eukaryotes. They vary greatly from one 
another in substrate specificity and enzyme kinetics. Among 
them, the large bacterial sialidases tend to be the more robust 
enzymes (1, 8, 11). Among the large bacterial sialidases, such 
as the ones from Arthrobacter ureafaciens, Clostridium perfrin- 
gens, V. cholerae, and Actinomyces viscosus, the catalytic do- 
main of A. viscosus sialidase was selected as the sialidase com- 
ponent of the novel therapeutic candidate for influenza based 
on three criteria: (i) A. viscosus sialidase has broad substrate 
specificity (54); (ii) it has one of the highest specific activities 
reported (54); and (iii) it should be well tolerated by the hu- 
man immune system because A viscosus is a part of the normal 
oral and gastrointestinal flora in humans (53) which normally 
exposes the human mucosal surface to the sialidase. 

Because influenza viruses primarily infect the upper and 
central respiratory tract, the sialidase fusion protein will be 
delivered as an inhalant in humans. However, retention of drug 
molecules delivered to the respiratory mucosa is generally 
short due to the mucociliary clearance mechanisms. We rea- 
soned that an epithelium-anchoring domain would tether the 
sialidase to the respiratory epithelium and increase its reten- 
tion time and potency. We use the heparin-binding sequence 
derived from the human protein amphiregulin (AR) (46) as 
the epithelium-anchoring domain because of its high affinity to 
heparin and its ability to bind to the glycosaminoglycans 
(GAGs) present on the respiratory epithelial surface. Here we 
present data demonstrating potent protective effect of the 
novel sialidase fusion protein against a spectrum of influenza 
viruses both in vitro and in vivo. 

MATERIALS AND METHODS 

Cloning of the sialidase catalytic domain/amphiregulin GAG binding se- 
quence fusion proteins. AvCD-AR (DAS181) consists of a heparin-binding do- 
main derived from amphiregulin (amino acid residues 125 to 145 in GenBank 
entry AAH09799) fused via its N terminus to the catalytic domain of A. viscosus 
sialidase (AvCD, amino acid residues 274 to 667 in GenBank entry X62276) (59). 
The boundaries of catalytic domain were determined based on structural homol- 
ogy to enzymes of M. viridifaciens and Salmonella enterica serovar Typhimurium 
(PDB accession numbers 1EUR and 2SIM [www.rcsb.org/pdb]). A three-dimen- 
sional homology model was built by using the Swiss-Model software (www.expasy 
.org/swissmod). The DNA fragment coding for AvCD-AR was cloned into 
pTrc99a vector (Pharmacia) under the control of IPTG (isopropyl-(3-r>thioga- 
lactopyranoside)-inducible promoter. In another construct AR-AvCD (DAS178), 
the AR sequence was fused via its.C terminus of the AvCD domain. Two control 
constructs, DAS180 and DAS185, were also made. To make DAS180, the AR 
sequence in DAS178 was deleted ,and a N-terminal His 6 tag was added. DAS185 
differs from DAS181 in amino acid alteration (Y348F) at the sialidase reactive 
center that resulted in a >400 times reduction in sialidase activity (data not 
shown). 

Protein expression, purification, and activity assay. The DAS181, DAS178, or 
DAS185 constructs were expressed in the BL21 strain of Escherichia coli. Cells 
were lysed by sonication in 50 mM phosphate buffer (pH 8.0), 0.3 M NaCl, and 
10% glycerol. Clarified lysate was passed through an SP-Sepharose column. 
Proteins were eluted from the column with lysis buffer that contained 0.8 M 
NaCl. The fraction eluted from SP-Sepharose was adjusted to 1.9 M (NH 4 ) 2 S0 4 , 
clarified by centrifugation, and loaded onto a butyl-Sepharose column. The column 
was washed with 2 volumes of 1 .3 M (NH 4 ) 2 S04, and the fusion protein was 
eluted with 0.65 M (NH 4 ) 2 S0 4 . For the final step, size exclusion chromatography 
was performed on Sephacryl S-200 equilibrated with phosphate-buffered saline 
(PBS). Protein purity was assessed by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, reversed-phase high-pressure liquid chromatography, and enzyme- 
linked immunosorbent assay with the antibodies generated against E. coli cell 



proteins and estimated to be >98% (not shown). For the purification of DAS180 
(His 6 -AvCD), cation exchange on SP-Sepharose was replaced with metal chelate 
affinity chromatography on nickel-charged chelating Sepharose (Amersham). All 
buffers remained the same, except that elution was performed with 0.25 M 
imidazole in lysis buffer. 

Neu2 was expressed and purified as previously described (34). C. perfringens 
and A. ureafaciens sialidases were purchased from Sigma (St. Louis, MO) and 
Prozyme (San Leandro, CA), respectively. 

The sialidase activity was measured by using the fluorogenic substrate 4-MU- 
NANA (4-methylumbelliferyl-W-acetyl-a-D-neuraminic acid; Sigma). One unit of 
sialidase is defined as the amount of enzyme that releases 10 nmol of MU from 
4-MTJ-NANA in 10 min at 37°C (50 mM CH 3 COOH-NaOH buffer [pH 5.5]) in 
a reaction that contains 20 nmol of MU-NANA in a 0.2-ml volume (38). The 
protein concentration was determined by using Bio-Rad's Bradford kit. The 
specific activity of AvCD-AR was 1.300 U/mg of protein (0.77 jig of DAS181 
protein per unit of activity). 

Cell surface sialic acid detection. Confluent monolayers of MDCK cells in 
96-well plates were treated with 100 mU (0.1 ml total volume) of DAS181 or 
DAS180/well for 1 or 2 h at 37°C. The cells were then washed three times with 
PBS and either fixed immediately with 0.05% glutaraldehyde in PBS or chased 
for various times with growth media and then fixed. Levels of a(2,6)-linked sialic 
acid, a(2,3)-linked sialic acid, or total sialic acid were detected by using a 
cell-based enzyme-linked lectin assay (23) with minor modifications. The fixed 
cells were blocked with 3% bovine serum albumin (BSA) in PBS and streptavi- 
din-biotin blocking reagent (Vector Laboratories, Burlingame, CA) to block 
endogenous streptavidin- and biotin-binding sites. Cells were rinsed once with 
PBS-0.1% Tween 20 (PBST) and incubated with either 2 u.g of biotinylated SNA 
lectin (Vector Laboratories)/ml, 20 u.g of biotinylated MAA lectin (Vector Lab- 
oratories)/ml, or 20 u.g of biotinylated LFA lectin (EY Laboratories, San Mateo, 
CA)/ml for 2 h at 37°C. SNA (Sambucus nigra) is specific for Neu5Ac a(2,6)-Gal, 
MAA (Maackia amurensis) is specific for NeuSAc a(2,3)-Gal, and LFA (Linwx 
flavus) is specific for sialic acids. The cells were washed four times in PBST. 
Secondary detection of the bound lectin was accomplished by incubating the cells 
with 5 ij.g of streptavidin-HRP (streptavidin conjugated with horseradish perox- 
idase; Vector Laboratories)/ml for 1 h at 37°C. Cells were washed five times in 
PBST, developed in tetramethyl benzidine (TMB; Sigma), and stopped in 1 M 
H 2 S0 4 . The absorbance was measured at 450 nm, and the percentage of sialic 
acid remaining was calculated by using the following calculation: 100% X [(ab- 
sorbance of treated cells - background)/(absorbance of vehicle-treated cells - 
background)]. Wells treated with streptavidin-HRP alone without the lectins 
were the background controls. 

IFV binding to MDCK and fetuin-conted plates. A/PR/8/34 was biotinylated 
with EZ-link Sulfo-NHS-SS-Biotin (Pierce). 100 ul of fetuin (10 mg/ml) was 
adsorbed to a 96-well plate overnight and blocked with 3% BSA for 30 min at 
37°C. Confluent MDCK monolayers in 96-well plates (5.75 X 10 5 cells per well) 
and the fetuin-coated plates were treated with either binding medium (Dulbecco 
modified Eagle medium-F-12 [DMEM;F12] plus 0.2% BSA) alone or 5 U of 
DAS181/ml in binding medium for 2 h at 37°C. After the incubation, the plates 
were washed two times with ice-cold PBS, and the plates were chilled further for 
30 min at 4°C. The input virus was diluted in binding medium on ice, added to 
the appropriate wells, and incubated for 90 min at 4°C. Cells were washed three 
times with chilled PBS to remove unbound virus, fixed with 0.05% glutaralde- 
hyde, incubated with streptavidin-HRP, and developed by using TMB. Wells 
without the virus were included for background streptavidin-HRP binding. 

Cell protection assay. All laboratory IFV A and B strains were obtained from 
the American Type Culture Collection (Manassas, VA) with the exception of 
A/turkey/Wisconsin/66, A/PR/8/34, A/Japan/305/57, and A/Victoria/504/2000, 
which were from Charles River Laboratories. The low-passage 2004 IFV clinical 
virus isolates (A/New Caledonia/20/99, A/Panama/2007/99, and B/Hong Kong/ 
330/01) were generously provided by Alexander Klimov, Centers for Disease 
Control and Prevention. The A/gull virus was obtained from Robert Webster, St. 
Jude Children's Research Hospital (Memphis, TN). For cell protection assays, 
quadruplicate MDCK cell monolayers in microplate wells were treated with 
various dilutions of DAS181 in EDB-BSA (10 mM sodium acetate [pH 6.0], 0.1 
M NaCl, 10 mM CaCl 2 , 0.5 mM MgCI* and 0.5% BSA) at 37°C for 2 h. Influenza 
viruses (multiplicity of infection [MOI] of 0.01) were added to both the sialidase- 
treated cells and the control cells treated with the enzyme dilution buffer only. 
After 1 h, the cells were washed with PBS three times and incubated at either 37 
or 35°C in DMEM:F12 supplemented with 0.2% ITS (insulin-transferrin-sele- 
nium; Invitrogen, Carlsbad, CA) and 0.3 u.g of acetylated trypsin (Sigma)/ml. 
After 72 h, the cells were stained with 0.5% crystal violet in 20% methanol for 5 
min, rinsed with tap water, and dried. The level of viable cells in each well was 
quantitated by extracting crystal violet with 70% ethanol and reading the absor- 
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bance at 570 nm. The percentage of cell protection was calculated by using the 
following formula: 100 X [(sialidase-treated sample — virus only)/(uninfected 
sample — virus only)]. 

Viral replication inhibition assay. Quadruplicate MDCK monolayers in 96- 
well plates were treated with various dilutions of DAS181 in EDB-BSA buffer for 
2 h at 37°C. Both the sialidase-treated cells and the untreated control cells 
(treated with only EDB-BSA buffer) were infected with a virus MOI of 0.01. 
After 30 min, the cells were washed two times with PBS and incubated at either 
37 or 35°C in DMEM:F12 supplemented with 0.2% ITS and 0.3 u.g of acetylated 
trypsin (Sigma. St. Louis, MO)/ml. At 40 to 48 h postinfection, the cells were 
fixed in 0.05% glutaraldehyde in PBS. They were then blocked in 3% BSA in PBS 
for 30 min at 37°C (or 4°C overnight). Cells were washed once with PBST. Each 
well was incubated with 50 |xl of either 6.8 |ig of anti-lFV A NP monoclonal 
antibody or 7.2 |xg of anti-IFV B NP antibody (Fitzgerald Industries, Concord, 
MA)/ml for 2 h at 37°C. The excess primary antibody was washed away with four 
washes of PBST. Each well was then incubated with 50 p.1 of a 1:5,000 dilution of 
protein G conjugated to HRP (Sigma). Excess secondary reagent was removed 
by washing the plates five times with PBST. Plates were developed by incubating 
each well with 50 (il of TMB substrate (Sigma) and were stopped by the addition 
of 50 pi of 1 M H 2 S0 4 . The absorbance was measured at 450 nm. Wells 
containing uninfected cells were used as the background control. 

Mouse studies. The experiments were conducted according to the protocol 
approved by the Animal Care and Use Committee and conducted at the Labo- 
ratory of Animal Research Center at Utah State University, which is accredited 
by the Association for the Assessment and Accreditation of Laboratory Animal 
Care, International (AAALAC). Female BALB/c mice (18 to 21 g) were ob- 
tained from Charles River Laboratories (Wilmington, MA) and were maintained 
on Wayne Lab Blox and tap water ad libitum. The animals were quarantined for 
24 h prior to use. Influenza virus A/NWS/33 (H1N1) was originally obtained from 
Kenneth Cochran of the University of Michigan (Ann Arbor, MI). It was pas- 
saged in MDCK cells and pretitrated in mice prior to use in the experiments. 
Arterial oxygen saturation (Sa0 2 ) was determined by using the Ohmeda Biox 
3800 pulse oximeter (Ohmeda, Louisville, OH). The ear probe attachment was 
used, and the probe was placed on the thigh of the animal. Readings were made 
after a 30-s stabilization time for each animal. Use of an earlier Ohmeda model 
(model 3740) for measuring ellects of influenza virus on Sa0 2 in mice has been 
previously described (48). To determine lung virus titer, each mouse lung was 
homogenized, and various dilutions were assayed in triplicate for infectious virus 
in MDCK cells as described previously (47). Each lung homogenate was centri- 
fuged at 2,000 X g for 5 min, and the supernatants were used in these assays. 
Increases in the numbers of total survivors were evaluated by chi-square analysis 
with Yates' correction. Increases in the mean day to death, differences in mean 
Sa0 2 values, the mean lung weight, and mean virus titers were analyzed by using 
a two-tailed / test. 

In all three studies, mice were anesthetized by intraperitoneal injection of 
ketamine (100 mg/kg) prior to treatment with DAS181 or placebo and prior to 
virus inoculation. DAS181 or placebo was given intranasally in a 50-p.l volume at 
each treatment using various regimens as described above. Infection was induced 
by intranasal inoculation of A/NWS/33 at a 100% lethal dose (LD I00 ) (i.e., 200 
PFU per mouse). The infectious dose was based on previous titration results. 
Apparently, the virus used in the second study was less virulent than expected. 
The virus was then retitrated, and the newly determined LD 100 was used in the 
third study. Generally, 22 mice were used in each treatment group, and 40 were 
used in the placebo group. Ten mice in each infected, treated group (20 mice in 
the placebo group) were observed for 21 days for survival; 3 additional mice from 
each group were sacrificed on days 1, 3, 6, and 9 for assignment of lung score and 
for the determination of lung weight and lung virus titer. At each time point, 
three normal control mice were also sacrificed to provide background data. 

Ferret study design and methods. The experiment was conducted according to 
the protocol approved by the Anjmal Care and Use Committee and conducted 
at the Center for Comparative Medicine at the University of Virginia, which is 
accredited by the AAALAC. 

Young female ferrets (0.5 to 0.8 kg) (Marshall Farms, North Rose, NY) were 
allowed to acclimate for 3 days before the experiment. A preparation of DAS178 
dissolved in PBS that contains 500 U/ml in sialidase activity was used in the study. 
Animals in the AR-AvCD treatment groups received 1 ml of AR-AvCD solution 
at each dose. Ferrets were anesthetized (20 mg of ketamine/1 mg of xylazine per 
kg, given intramuscularly) and inoculated intranasally (0.5 ml into each nostril) 
with DAS178 or PBS twice daily (8 a.m. and 6 p.m.) for a total of 7 days (2 days 
prior to the viral challenge and 5 days after virus inoculation). The ferrets were 
observed after the drug application for signs of intolerance. Viral inoculation was 
carried out on day 3 between 10 and 11 a.m. The viral challenge was carried out 
using human A/Bayern/7/95(HlNl)-Iike virus at a 50% tissue culture infective 




FIG. 1. Molecular model of DAS181. The catalytic domain of the 
sialidase (AvCD) is colored in green and the protruding anchoring 
domain (AR) on C terminus in blue. The model was built using the 
SWISS-MODEL software. 



dose of 10 s (50% inhibitory concentration of ^10 4 in ferrets). The nasal washes 
were collected from all animals starting day 2 after DAS178 treatment and 
continued until day 7. 

To collect nasal washes, 1 ml of sterile PBS was administered intranasally, the 
sneezed liquid was harvested, and its volume was recorded. The nasal washes 
were centrifuged. The pelleted cells were resuspended and counted in a hema- 
cytometer under a microscope. The supernatants were collected, divided into 
aliquots, and stored at — 80°C. The protein concentration in cell-free nasal 
washes was determined with a protein reagent from Bio-Rad (Hercules, CA). 
For virus titration of the nasal washes, inoculated MDCK cells were incubated 
for 3 days at 36°C in a C0 2 incubator. The monolayers were inspected visually for 
cytopathic effect, and aliquots of the cell culture supernatants from each well 
were tested for the presence of virus by a standard hemagglutination assay using 
guinea pig red blood cells. The virus titer was determined by the Spearman- 
Karber method (18). 

RESULTS 

Construction, purification, and characterization of DAS 181. 

After many experiments, we chose the A. viscosus sialidase 
catalytic domain and the GAG-binding sequence in human AR 
as the two basic components of the therapeutic candidates. 
Most of the data presented here were obtained with the 
AvCD-AR construct, referred to as DAS181, in which the AR 
sequence is fused with AvCD at the C terminus (Fig. 1). 
DAS181 is expressed in E. coli and purified to homogeneity. 
The purified DAS181 protein has an approximate molecular 
mass of 44,800 Da. The specific activity of DAS181 (1300 
U/mg) is more than 100 times higher than that of the human 
sialidase Neu2 fusion protein (8 U/mg) (34) and more than two 
times higher than that of C. perfringens (333 U/mg) or A. 
ureafaciens (82 U/ml). DAS181 is soluble at concentrations of 
>50 mg/ml and in 2 M ammonium sulfate. It remains stable at 
pH 4.5 to 10. No loss of activity for DAS181 was detected after 
8 months at 25 or 4°C. DAS181 was incubated with human 
respiratory mucus at 37°C for 7 days and maintained full ac- 
tivity (data not shown). 
DAS181 effectively removes both ot(2,3)- and ct(2,6)-linked 
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FIG. 2. Sialic acid removal and turnover on MDCK cells. (A) Lev- 
els of a(2,6)- and a(2,3)-linked sialic acids and sialic acids in total on 
the surface of MDCK cells that were pretreated with vehicle (EDB- 
BSA) or various dilutions of DAS180 (His 6 -AvCD) or DAS181 
(AvCD-AR) in the vehicle for 1 h. (B) Level of cell surface sialic acid 
after a single treatment by DAS1S1. MDCK cells in confluent mono- 
layers were treated with 100 mU of DAS181 for 2 h, washed, and 
chased for various times with fetal bovine serum-containing medium. 
The levels of sialic acids were detected with biotinylated lectins. The 
error bars indicate one standard deviation above or below the mean of 
three samples. 



sialic acid from the cell surface (Fig. 2). As measured by the 
50% effective concentration (EC 50 ) for sialic acid removal, 
DAS181 was more than 10 times more effective than its coun- 
terpart (DAS180, His 6 -AvCD) that lacks the AR tag (Fig. 2A), 
demonstrating that the AR tag increases the potency of the 
sialidase. In MDCK cells, the cell surface sialic acid level re- 
mains low and essentially unchanged for at least 2 days after a 
single treatment by DAS181 (Fig. 2B); the surface sialic acid 
level in the DAS181 treated MDCK cells rebounded to more 
than 80% of the normal level after 80 h (data not shown). 

Antiviral activity of DAS181 in vitro. Consistent with the 
proposed mechanism of action for the sialidase fusion protein, 
the binding of A/PR/8 (H1N1) to DAS181-treated MDCK 
cells and fetuin (a sialylated protein isolated from fetal bovine 
serum)-coated wells was greatly diminished (Fig. 3). The ex- 
tent of binding inhibition correlates very well with the degree 
of sialic acid removal (data not shown). 

DAS181 anti-IFV activity was evaluated in vitro by viral 
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FIG. 3. IFV binding to MDCK and fetuin-coated plates. Biotiny- 
lated A/PR/8/34 was allowed to bind to the DAS181-treated fetuin or 
MDCK monolayers for 30 min at 4°C. The bound virus was detected by 
using streptavidin-HRP and developed by using TMB. Virus binding to 
the untreated MDCK cells represented 100%. Wells without the virus 
were included for background streptavidin-HRP binding. The error 
bars indicate one standard deviation above or below the mean of three 
samples. 



inhibition and cell protection assays in MDCK cells. DAS181 
demonstrated potent efficacy against a panel of laboratory 
strains and recent clinical isolates of influenza A and B viruses 
in cell protection and/or virus inhibition assays (Tables 1 and 2). 
These data were further confirmed, with similar EC S0 values 
between 1.7 and 13.7 nM, by an experiment performed at a 
separate facility with four additional IFV strains (A/New Cale- 
donia/20/99 [H1N1], A/Panama/2007/99 [H3N2], A/gull/PA/ 
4175/83 [H5N1], and B/Hong Kong/330/01). DAS181 main- 
tained similar levels of potency even when the IFV infectious 
dose was increased by 100 times or higher (Table 3). In support 
of the slow turnover rate of cell surface sialic acid, treatment of 
cells 24 h prior to the viral challenge protected the cells to the 
same degree as treating the cells immediately before the chal- 
lenge (not shown). The anti-IFV activity of DAS181 was also 
compared to both DAS180 and DAS185, an inactive mutant of 
DAS181. Based on the cell protection EC 50 , DAS181 was 5- to 
30-fold more potent than DAS180 (data not shown), which 
again demonstrated that the AR sequence increases treatment 
potency of the sialidase. As expected, DAS185 provided no 
protection against IFV (not shown). 

The cell protection by DAS181 was further evaluated under 
various experimental protocols that differed in the following 
aspects: incubation time with DAS181, washing steps, order of 
addition of the virus, and whether DAS181 was incubated with 
cells during the entire course of the infection (Table 4). Vari- 
ation of the infection protocols altered the EC 50 values to 
various degrees. Protocol PI represents our standard cell pro- 
tection and inhibition of viral replication assay condition. The 
three protocols that yielded the lowest EC 50 values — P3, P4, 
and P6 — represent conventional assay conditions for testing 
antiviral chemical compounds in which the drug candidate was 
available throughout the infection. Noticeably, in situations 
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TABLE 1. Inhibition of IFV replication and cell protection by DAS181" 



Virus 


Mean inhibition of viral replication ± SD 


Mean cell protection 


±SD 


EC 50 (nM) 


EQu (nM) 


EC 50 (nM) 


EC™ (nM) 




0.8 ± 0.9* 


3.2 ± 4.7* 


ii -+- n 

1.1 — u.o* 


19 0 + 07+ 


t\j w j/jj V l-i 1 1 J 


0.4 ± 0.6* 


1.1 ± 1.4* 


0.2 ± 0.1* 


X> 7 + 1 1 1 * 


A/NWWI CH1N11 

r\J i\ VV O/JJ yn.xxv t J 


ND 


ND 


0.4 ± 0.3* 


11.5 ± 19.6* 


A/Weiss/43 (H1N1) 


0.9 ± 1.6$ 


1.7 ± 1.8* 


15.6 ± 16.9§ 


37.0 ± 40.0* 


A/Denver/1/57 (H1N1) 


0.5 ± 0.6* 


7.0 ± 12.3* 


3.2 ± 4.3§ 


14.5 ± 14.9* 


A/Japan/305/57 (H2N2) 


0.3 ± 0.3* 


4.7 ± 0.4* 


0.1 ± 0.1* 


0.2 ± 0.2* 


A/Victoria/504/2000 (H3N2) 


0.4 ± 0.6* 


4.7 ± 1.9* 


1.9 ± 1.9* 


6.5 ± 86.8* 


A/Hong Kong/8/68 (H3N2) 


0.1 ± 0.1* 


4.4 ± 1.91 


14.3 ± 23.1§ 


50.4 ± 37.6* 


A/Port Chalmers/1/73 (H3N2) 


0.05 ± 0.02f 


0.4 ± 0.2* 


2.4 ± 3.2* 


17.7 ± 14.0t 


A/Victoria/3/75 (H3N2) 


0.1 ± 0.1* 


2.2 ± 4.31 


2.6 ± 4.2|| 


5.1 ± 5.2* 


B/Lee/40 


0.3 ± 0.211 


0.8 ± 0.4§ 


0.4 ± 0.5* 


3.1 ± 4.0* 


B/Maryiand/1/59 


0.04 ± 0.01* 


0.7 ± 0.3* 


0.5 ± 0.2* 


9.8 ± 13.61 


A/turkeyAVis/66 (H9N2) 


0.4 ± 0.1* 


0.8 ± 0.4* 


0.1 ± 0.11 


3.7 ± 4.0* 


A/equine/Prague/1/56 (H7N7) 


ND 


ND 


0.2 ± 0.2t 


2.8 ± 3.2* 



" The EC 50 (or EQu,) is the concentration of DAS181 that inhibited viral replication by 50% (or 90%) or that gave rise to 50% (or 90%) cell protection. A value 
of 1 nM DAS181 equals 45 ng/ml of the protein. Experiments were repeated at least three times, and the actual number of repetitions is indicated as follows: t, 3; *, 
4; t, 5; H, 6; §, 7; and ||, 8). The error is the standard deviation of these measurements. ND, not determined. 



where DAS181 was removed during the remainder of the in- 
fection time (PI, P2, and P5), cells were still protected from IFV 
infection despite higher EC 50 values. Interestingly, under the sim- 
ilar experimental conditions, oseltamivir was inactive (50). 

At the maximum feasible concentration (1,000 U/ml), 
DAS181 did not affect cell growth curves over a period of 10 
days for A549, CACO-2, and MDCK cells (data not shown). In 
the HAE (human airway epithelium) cultures (49, 60), which 
closely mimic the native human airway epithelium, DAS181 
treatment did not cause cell death, nor did it result in signifi- 
cant changes in the production of gamma interferon, interleu- 
kin-la (IL-la), IL-ip, IL-2, IL-6, IL-8, IL-10, IL-12p70, and 
tumor necrosis factor alpha over a 7-day incubation period 
during which fresh DAS 181 was added daily (data not shown). 
These data indicated that DAS181 treatment would not be 
cytotoxic to the human airway epithelium. 

Prevention and treatment of influenza in vivo. We used a 
murine model of influenza virus infection (47) to assess the 
antiviral activity of DAS181 in vivo. Study 1 (see Table 5) 
demonstrated striking efficacy of DAS181 on the survival of the 
infected animals when given as a prophylaxis over a very broad 
dose range. The DAS181 treatment also significantly improved 
lung function and lung pathology, as measured by lung weight, 
and markedly inhibited the virus titer in the lungs of infected 
animals (Fig. 4). Arterial blood oxygen saturation levels were 



TABLE 2. Cell protection by DAS181 against recent clinical 
IFV isolates 



Mean cell protection ± SD" 

Virus 

EC 5 „ (nM) ECo (nM) 



A/Singapore/35/2004 (H3N2) 


0.6 


± 1.0* 


4.5 


±5.5* 


A/Canada/600/2004 (H3N2) 


0.1 


± 0.1* 


0.9 


±0.7* 


A/Texas/05/2004 (H3N2) 


0.2 


±0.2* 


1.9 


±2.3§ 


A/Hong Kong/2637/2004 (H1N1) 


0.2 


± 0.7|| 


26.5 


± 32.4* 


A/Hong Kong/2765/2004 (H1N1) 


1.2 


± 1.3* 


51.6 


± 69.51 


B/Peru/1960/2004 


0.2 


± 0.1 1 


0.5 


±0.2* 



" *, Six determinations; t, three determinations; *, five determinations; §. eight 
determinations; ||, four determinations. 



also significantly improved in DAS181-treated mice (not 
shown). Ribavirin, included as a positive control, also inhibited 
this virus infection, although not to the extent evoked by 
DAS181. 

To evaluate therapeutic potential of DAS181 as a treatment 
for influenza, the fusion protein was applied at different time 
points relative to infection in the second mouse study. Treat- 
ments up to 48 h after virus exposure significantly prevented 
the death of the mice; all treatment regimens significantly 
reduced lung disease parameters (Table 5). A more stringent 
test of efficacy was conducted in the following study. Mice 
infected with IFV were treated by DAS181 once every other 
day beginning 48 h after virus exposure at dosages of 25 and 5 
U/treatment. Significant protection by AvCD-AR was seen at 
25 U/treatment. 

We also tested the in vivo anti-IFV effect of the sialidase 
fusion protein in a ferret model which is thought to closely 
mimic human influenza (31, 42, 51). This experiment was per- 
formed with an earlier version of the fusion (DAS 178, AR- 
AvCD). DAS178 differs from DAS181 in the location of AR 
tag (which caused lower yields in E. coli) but was otherwise 
indistinguishable in cell protection assays. In the vehicle- 
treated ferrets, virus shedding reached peak values on day 1 or 
2 postchallenge, diminished over time, and became negative by 



TABLE 3. Cell protection by DAS181 against IFV at various MOIs 



ECsq (nM)" at MOI: 

Virus 

0.001 0.01 0.1 1 



A/PR/8/34 (H1N1) 


0.4 


1.5 


1.5 


2.4* 


A/Japan/305/57 (H2N2) 


<0.1 


<0.1 


<0.1 


5.9 


A/Port Chalmers/1/73 (H3N2) 


0.1 


0.2 


0.3 


1.6 


B/Maryland/1/59 


<0.1 


0.6 


1.4* 


ND 


A/turkey/Wis/66 (H9N2) 


<0.1 


0.3 


1.9 


39.6 


A/equine/1/56 (H7N7) 


<0.1 


0.3 


0.4 


5 



" EC 50 values were extrapolated from the cell protection assay dose-response 
curves as described in Materials and Methods, except that the MOI varied from 
0.001 to 1. Each EQu, was measured in two independent experiments unless 
otherwise indicated. ND, not determined. *, Single experiment. 
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TABLE 4. Cell protection efficacy of DAS181 against A/PR/8/34 
using various experimental protocols 



EC 50 
(nM)° 


Protocol 


Description 


1.7 


PI 


DAS181 for 2 h, add virus for 1 h, wash twice with 






PBS, add fresh medium, and incubate 


2.7 


P2 


DAS181 for 2 h, add virus for 1 h, aspirate, add 






fresh medium, and incubate 


0.1 


P3 


DAS181 for 2 h, add virus, and incubate 


0.2 


P4 


DAS181 and immediately add virus and incubate 


8.6 


P5 


Add virus for 1 h, add DAS181 for 2 h, aspirate, 






add fresh medium, and incubate 


0.1 


P6 


Add virus for 1 h, add DAS181, and incubate 



" EC 50 values were extrapolated from cell protection assay dose response 
curves as described in Materials and Methods. 



day 5 (Table 6). In contrast, in the group treated with the 
sialidase fusion protein, only 3 of 12 ferrets shed virus on day 
1 postchallenge, and their nasal virus titers were about 100 
times lower than those in the vehicle-treated animals. Three 
animals were completely protected against infection, signs of 
illness, and inflammatory response, as confirmed by a lack of 
seroconversion on day 14 postchallenge. The shedding in the 
remaining eight ferrets varied during the course of infection. 



However, in these animals, signs of inflammation in the nasal 
washes was reduced by about 40% (Fig. 5). It was also noticed 
that the 7-day treatment of DAS178 at 1,000 U/day (>1 mg/ 
kg/day) did not cause any signs of toxicity or inflammation in 
ferrets that were not infected by the virus (Fig. 5). 

DISCUSSION 

The results of in vitro and in vivo studies have demonstrated 
the ability of a sialidase catalytic domain/AR GAG-binding 
sequence fusion protein to significantly inhibit the replication 
of IFVs, prevent influenza, or significantly reduce severity of 
the disease. By targeting the host cells rather than the virus, the 
sialidase fusion protein demonstrated distinct anti-IFV prop- 
erties from the virus-targeting NAIs. In the MDCK cells, the 
state of cell surface desialylation sustained for at least 2 days 
after a single DAS181 treatment. Consistent with its long- 
lasting treatment effect, the subnanomolar EC 50 of DAS181 
was observed under an experimental condition in which the 
drug candidate was removed from the culture medium after 
the initial virus challenge (Table 1). In addition, DAS181 po- 
tency remained undiminished even when the cell treatment 
was performed 24 h prior to the virus challenge (not shown). 
This is in contrast to the NAIs: the EC 50 of oseltamivir in- 



TABLE 5. Intranasally administered DAS1S1 protected mice a from lethal dose of influenza A/NWS/33 (H1N1) virus 

Study and compound, Dosing time _ , , c Mean day to Mean day 11 % Mean lung virus Mean day 6 

dosage/treatment' 1 start 6 ' " death ± SD"* Sa0 2 ± SD titer (log lft /g) lungwt(mg) 



Study 1 

AvCD-AR, 60 U/treat 48 h pre 

AvCD-AR, 30 U/treat 48 h pre 

AvCD-AR, 3 U/treat 48 h pre 

AvCD-AR, 0.3 U/treat 48 h pre 

AvCD-AR, 0.03 U/treat 48 h pre 

Ribavirin, 75 mg/kg 4 h pre 

Vehicle 48 h pre 

Normal control 48 h pre 

Study 2 

AvCD-AR, 30 U/treat - 48 h pre 

AvCD-AR, 30 U/treat 24 h pre 

AvCD-AR, 30 U/treat 4 h post 

AvCD-AR, 30 U/treat 12 h post 

AvCD-AR, 30 U/treat 24 h post 

AvCD-AR, 30 U/treat 48 h post 

AvCD-AR, 30 U/treat 72 h post 

Ribavirin, 75 mg/kg 4 h pre 

Vehicle 48 h post 
Normal control 

Study 3 

AvCD-AR, 25 U/treat 48 h post 

AvCD-AR, 5 U/treat 48 h post 

Ribavirin, 75 mg/kg 4 h pre 
Vehicle 

Normal control 



10/10****' 


>21.0 ± 0.0*** 


87.2 


10/10*** 


>21.0 ± 0.0*** 


89.2 


6/6*** 


>21.0 ± 0.0*** 


85.2 


7/7*** 


>21.0 ± 0.0*** 


84.6 


3/5** 


13.0 ± 2.8** 


82.6 


4/10** 


9.8 ± 3.0 


77.2 


0/19 


8.9 ± 1.4 


75.0 






91.0 


11/11* 


>21.0 ± 0.0*** 


89.2 


11/11* 


>21.0 ± 0.0*** 


85.1 


11/11* 


>21.0 ± 0.0*** 


91.0 


11/11* 


>21.0 ± 0.0*** 


87.7 


11/11* 


>21.0 ± 0.0*** 


85.7 


11/11* 


>21.0 ± 0.0*** 


85.1 


9/11 


9.0 ± 1.4 


79.4 


8/10 


15.0 ± 0.8* 


86.7 


12/21 


9.6 ± 3.0 


80.5 






90.0 


6/10** 


8.8 ± 1.0*** 


81.3 


0/8 


9.3 ± 1.2*** 


75.0 


10/10*** 


>21.0 ± 0.0*** 


87.6 


0/18 


7.2 ± 0.6 


75.0 






90.4 



± 6.6*** 1.7*** rf 130*** 

± 4.3*** 1.5*** d - e 

± 6.3*** 3.Q** d 205 

± 6.2*** 2.6***'' 120*** 

± 5.6*** 5.4**^ 190** 

± 3.2** 5A5** d 155*** 

± 0.0 b.lS' 1 325 

± 3.6 0.0* 115 

± 6.0** 1.8*** A 126*** 

± 4.9 2.0*** B 154** 

± 5.1*** 1.8*** c 158** 

± 4.3** 1.45*** c 174** 

± 6.7 1.2*** c 158** 

± 6.1 l.0*** c 198* 

± 3.1 2.0** c 210* 

± 7.1* 4.4 C 164** 

± 6.3 4.4 C 295 

± 6.1 0.0° 118 

± 7.4** 5.4° 200* 

± 0.0 5.6° 262 

± 5.2*** 4.7**' 106*** 

± 0.0 6.2' 307 

±3.6 0.0' 115 



" Study 1, twice-daily dosing for 7 days (14 doses total); study 2, once-daily dosing for 5 days (5 doses total); study 3, every-other-day dosing (3 doses total), treat, 
treatment. 

* That is, before (pre) or after (post) viral challenge. 

c Surv/total, number of survivors/total number of animals tested. 

J Measurements were obtained on day 3 when the virus titer in the placebo group reached its peak. 
'-, Insufficient numbers after day 3 due to anesthesia-related deaths. 

; Superscripts A, B, and C; measurements taken on day 3 (A), 6 (B), or 9 (C) after viral challenge to reflect the treatment schedule. Superscript D: measurement 
taken on day 6 after viral challenge. 
s *, P < 0.05; **, P < 0.01; ***, P < 0.001 (compared to vehicle [saline-treated controls]). 
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0 1 2 3 4 5 6 

Days Post-Virus Exposure 



— ■■ — 60 U/mouse ---<>--- 0.03 U/mouse 

—- ♦ — 30 U/mouse Ribavirin 

— -A — 3 U/mouse — -D — saline 

— -X — 0.3 U/mouse O normal 

FIG. 4. Effects of DAS181 on lung virus titer (A) and lung weight 
(B) in infected mice. The results are part of experiment 1 in Table 5. 
The data at each time point were derived from three mice. Statistically 
significant values are labeled with one (P < 0.05), two (P < 0.01), or 
three (P < 0.001) asterisks. Ribavirin was used at 75 mg/kg. 



creased 5,000 times (from 20 nM to 100 p.M) when the com- 
pound was removed immediately prior to the virus infection 
(50). The efficacy of many antiviral compounds is influenced by 
the infectious dose of the virus; they are often more effective in 
cell culture at low MOIs and less active (or inactive) at higher 
virus-to-cell ratios. For the NAIs, such as oseltamivir and 
RWJ-270201, over the range of MOI 0.0002 to 0.02, every 
fivefold increase in MOI raised the EC S0 of both compounds 
by 7 to 10 times (from 10 nM at an MOI of 0.0002 to >10 p-M 
at an MOI of 0.02) (50). In contrast, DAS181 maintained a 
similar level of efficacy wrjen the infectious dose was increased 
from an MOI of 0.001 to an MOI of 0.1 (Table 3). 

Consistent with a previous report (52), 70 to 80% of the 
surface sialic acid was removed by DAS181 treatment (Fig. 2). 
Stray et al. reported that viral binding could occur in MDCK 
cells that were rid of about 70% of the cell surface sialic acid 
(52); however, in the sialidase-treated cells, multicycle ampli- 
fication of IFVs was inhibited by 99 to 99.99% (52). Therefore, 
although enzymatic desialylation does not result in complete 
elimination of sialic acid, the viral infection that arises from 
residual sialic acid on the cell surface is negligible. Our own 
results fully corroborate the data of Stray et al. and demon- 



strate that it is unnecessary to completely eliminate cell surface 
sialic acid in order to achieve a desired therapeutic effect. In 
fact, further analysis of our in vitro results revealed that 50 to 
70% cell surface sialic acid removal afforded >90% cell pro- 
tection against all of the influenza viruses tested. 

It was reported that cell surface sialic acids were primarily 
derived from glycoproteins (93%), and resialylation of the cell 
surface was mostly contingent upon de novo protein synthesis 
(41), even though at early time points a low level of sialic acid 
on the cell surface came from preexisting internal pools (41). 
Our observation on the surface sialic acid turnover after 
DAS181 treatment was consistent with this notion. A small but 
rapid rise in sialic acid level immediately after DAS181 treat- 
ment was most likely due to exchange with the internal pools of 
sialylated proteins (Fig. 2B). A slower return of sialic acid to 
the cell surface after the brief initial period probably reflected 
the rate of de novo protein synthesis that over time led to 
replenishment of sialylated proteins on the cell surface. The 
sialic acid turnover rate in the normal human respiratory epi- 
thelium is not known, but it is reasonable to expect that the 
sialic acid turnover is much slower in the normal respiratory 
epithelium than in the MDCK cells due to the lower cell 



TABLE 6. Virus replication in the respiratory tract of DAS178 
and vehicle-treated ferrets 

Ferret Virus liter ( lo B"> TCID 5 ,/ml) pQst 
Group and animal no. tag on day p.i. . challenge 





no. 


1 


2 


3 


4 


5 


HI titers 


Vehicle-treated group 
















1 


228 


5.7 


4.2 


4.2 


1.7 




640 


2 


784 


3.9 


4.9 


1.9 


1.9 




640 


3 


793 


4.4 


4.2 


2.4 


3.9 




640 


4 


794 


4.9 


5.9 


1.4 






160 


5 


789 


4.4 


4.2 


3.4 


3.4 




640 


6 


799 


3.7 


4.4 


3.4 






320 


7 


811 


4.4 


4.4 








1280 


8 


841 


4.2 


4.7 


2.7 


1.9 




320 


Mean* 




4.4 


4.7 


2.7 


3.7 






SD 




0.4 


0.7 


1 


0.4 






No. shed/total no. 




8/8 


8/8 


7/8 


5/8 


0/8 




AR-AvCD-treated 
















group 
















1 


780 








NA 


NA 


NA 


2 


791 


2.2 


5.2 


4.9 


4.2 


1.7 


640 


3 


804 




4.7 


3.7 


1.7 




1280 


4 


803 












<01 


5 


805 












<01 


6 


806 












<01 


7 


810 


2.2 


4.7 


3.2 


2.9 




160 


8 


812 






4.4 






640 


9 


813 




3.2 


4.4 


4.7 




160 


10 


819 


2.7 


5.2 








320 


11 


828 




4.9 


1.9 


1.7 




320 


12 


843 




4.4 


4.9 


4.9 


3.4 


320 


Mean 6 




2.4 


4.6 


3.9 


3.4 


2.6 




SD 




0.3 


0.7 


1.1 


1.5 


1.2 




No. shed/total no. 




3/12 


7/12 


7/12 


6/11 


2/11 





" -, All nasal washes collected after day 5 postchallenge were negative for 
virus. Nasal washes recovered from the uninfected treated ferrets were negative 
for virus (not shown). NA, not applicable (the ferret died on day 4 postinfection 
due to an accident). 

b That is, the mean value calculated for the ferrets that shed virus. 

c HI, hemagglutination inhibition. 
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Days Post-Virus Exposure 

FIG. 5. Total inllammalory cell counts (A) and protein concentra- 
tions (B) in nasal washes from ferrets. Infected ferrets were vehicle 
treated (■) or were treated with DAS178 (A). Uninfected animals 
were treated with DAS178 (♦) only. Statistically significant values are 
labeled with one (P < 0.05) or two (P < 0.01) asterisks. No that only 
the DAS178-treated ferrets that showed positive virus shedding were 
included in the analysis. 



proliferation rate and slower protein synthesis in the differen- 
tiated epithelium. As a result, the treatment effect of DAS181 
may last much longer than 2 days in the normal human airway 
as seen in the MDCK cells. Preliminary data with the HAE 
cultures indicated that desialylation by a single DAS181 treat- 
ment would last for more than 7 days in the respiratory epi- 
thelium (unpublished results). In spite of this reasoning, it 
should also be noted that faster sialic acid turnover may occur 
in the inflamed epithelia during influenza. Therefore, for in- 
fluenza prophylaxis, infrequent dosing of DAS181 will likely be 
sufficient, whereas a relatively more frequent dosing regimen 
may be required for the treatment of an ongoing infection. It 
is, nevertheless, encouraging that once-every-other-day dosing 
of DAS181 resulted in significant therapeutic effects in mice 
even when the treatment was initiated at 48 h after virus 
infection (Table 5). 

Generally, mice can only be infected by IFV strains that are 
previously adapted in mice, but ferrets can be infected with 
human unadapted influenza viruses and produce signs of upper 
respiratory tract diseases comparable to those seen in humans. 
Thus, ferrets are commonly used to evaluate influenza drug 
candidates (31, 42, 51). The lethal mouse model used in the 
present study represents influenza infection in the most severe 
form, whereas the self-limiting infection seen in the ferret 
model may mimic the more commonly encountered, milder 
form of influenza. Together, the two models cover a broad 
spectrum of influenza clinical manifestations. The ferret study 
reported here, however, was not optimal for evaluating the 
sialidase fusion protein candidate. To obtain full treatment 
effects, the sialidase fusion protein should evenly cover the 



surface of the upper and central respiratory tract, but this 
cannot be consistently achieved by the delivery method of nasal 
drops in larger animals such as ferrets. In spite of this, the 
sialidase fusion candidate still completely protected three an- 
imals as confirmed by negative seroconversion and significantly 
decreased the disease severity in the remaining eight ferrets. 
The animals also appeared to be more alert and active com- 
pared to the untreated ferrets that were invariably lethargic 
and feverish. Additional studies are being planned in which 
DAS181 will be formulated and delivered as dry powder in- 
halant, which is the designated delivery method in humans. 

The sialic acids are negatively charged monosaccharides that 
are usually located at the outermost position of the polysac- 
charide chains attached to glycoproteins or glycolipids. Be- 
cause of their negative charge, they may specifically or non- 
speciflcally repel cell-cell interactions; they also serve as the 
ligands for various lectins (56). Selectins are the sialic acid- 
binding lectins that are found on blood cells or endothelial 
cells. It was proposed that interaction between sialic acids and 
selectins is involved in adhesion of leukocytes to the vascular 
endothelium (56). Another sialic acid-binding lectin is factor H 
that inhibits activation of the alternative complement pathway 
(35). Sialidase treatment of the cells has been shown to pro- 
mote complement activation in vitro (14, 19, 33). However, in 
vivo, the apical surface of the airway epithelium does not have 
direct contact with the complement factors that are normally 
confined to the blood. It is therefore unclear what the physi- 
ological roles of sialic acids are on the airway surface other 
than serving as receptors for influenza virus, as well as para- 
influenza virus (17). 

Sialidase activities are normally present in many human tis- 
sues, including the salivary glands and the lungs (1); the in vivo 
effect of sialidase treatment has been previously evaluated in 
the context of airway hyperreactivity. V. cholerae sialidase was 
administered intratracheal^ in guinea pigs, and the sialidase 
treatment significantly reduced substance P-induced broncho- 
constriction (21). Similar results were also obtained using C. 
perfringens sialidase and the isolated trachea and lungs from 
guinea pigs and rats. Again, sialidase treatment had no effect 
on smooth muscle contractions induced by acetylcholine, his- 
tamine, and 5-hydroxytryptamine, and it inhibited tracheal 
contraction induced by ovalbumin or compound 48/80 (22). 
Sialidase treatment did not change the Theological properties 
of respiratory mucus, nor did it affect the normal mucus trans- 
port activity on ciliated epithelium (25, 32). Extensive in vivo 
safety evaluations of DAS181 are being planned. Our current 
preliminary in vitro and in vivo data indicated a healthy safety 
margin for the drug candidate. 

Cellular adhesion by some of the most important respiratory 
bacteria, including Haemophilus influenzae (10, 24, 55), Strep- 
tococcus pneumoniae (4), and Pseudomonas aeruginosa (3, 16, 
28, 39, 40, 43), have been reported to be mediated by binding 
to the sialic acid receptors on the host cells. Sialidase treatment 
of human pharyngeal epithelial cells inhibited adherence by H. 
influenzae (24). Peltola et al. reported that mice infected with 
recombinant influenza viruses that carried higher neuramini- 
dase (NA) activities were associated with a higher incidence of 
secondary pneumonia after inoculation with type 2 S. pneu- 
moniae D39 strain. The authors hypothesized that desialylation 
by the viral NA may cause increased cell binding by S. pneu- 
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moniae (30, 36, 37). However, using a type 19 S. pneumoniae 
strain, Seki et al. failed to demonstrate potentiated secondary 
bacterial pneumonia following influenza virus infection unless 
the mice were chronically colonized with P. aeruginosa (45). In 
light of these conflicting reports, we performed several exper- 
iments in vitro to observe cell adhesion by different strains of 
S. pneumoniae and H. influenzae to A549 cells. Over a broad 
range of bacterial input, DAS181 treatment did not increase 
cell adhesion by four strains of S. pneumoniae (including the 
D39 strain), nor did it increase cell adhesion by three strains of 
H. influenzae (unpublished results). Further evaluations on this 
issue will be carried out in yivo. 

The sialidase fusion protein DAS181 represents a novel, 
potentially broad-spectrum influenza therapeutic agent. Al- 
though DAS 181 is designed to be nonimmunogenic to humans, 
immunogenicity remains an important issue to be evaluated by 
animal studies and clinical trials. By utilizing the A. viscosus 
sialidase that can effectively degrade receptor sialic acids for 
both human and avian IFVs, DAS181 potentially confers pro- 
lection against a very broad range of influenza viruses, includ- 
ing the future pandemic viruses. It may also remain effective 
when viral strains change yearly. A recent report indicated that 
an IFV reassortant generated in the laboratory used a less 
common form of sialic acids, a(2,8)-linked sialic acid, as the 
receptor (58). Interestingly, A. viscosus sialidase can cleave the 
a(2,8)-linked sialic acid as well (54). Since DAS181 targets 
cellular receptors rather than a viral gene product, the chance 
of influenza viruses developing drug resistance is decreased. 
Besides serving as receptors for influenza virus, sialic acids are 
also used as receptors by parainfluenza virus, some bacteria, 
and bacterial toxins (57). Therefore, the potential therapeutic 
value of DAS181 may go beyond influenza prophylaxis and 
treatment and warrants further evaluation. 
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